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Pl;SJl<B>tT 



P2>3!2«%? 



i— *-a ~ot~\ I — I —r-l \ * 
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<^ — »-z op ^ 



P2;3!2fl%? 
BP;«!JS«r*g 



PB|»rtt777r - 

Be?- 



1 

iMttfc*"*-** l RXtm 2 (DMft+t . 

^-laJifcfl ro^b left o -cSil^rottro^tR) K^itir 5 
or, 

* 3E * e> ttfc &mz±.m<&& ft ««>a m & # *. 5 & 

AJ]ft»:±E£ 1 -hf2ttJa$f3g^v ±E*T£ 

■7 r 9?*— hie-? ri*±eib 2 ©ffiBt^-wmiuiiiiia u 
.he* 1 ©flHfrf-oaiitt t ixtomvx m*<oyt^® t 

.LiEft *tt*/4K4&LV^£3te^:7-rA'* 0 

-tESB 2 0flX^03iitttt±EttIB$r*?-«>%<iMttK 

or. 
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2 

±EIB 1 ©flra^RaUiEfcfflflr*^ ©Hfctttt <bix-5 
feiv 

A73#l±±fEMS l ±127 r 9?*— EM&K -h 

±E«H*r*-? ir ±123? 2 ©(SftT-wigi® & <t 

10 tftti-fi&S it5i*K, (nllSft) 

in^is 1 1 ] »#» i o tziaatto ptk%5*7 -< 

±IE« flttir/4|c*Lv^prSB3te^7-</u^ 0 
[MM i 2 ] St3fc« l l lcE*0>*r***7 /u* 

±E*uxow2©«*^««iB*ittEv*u:w^** 

[W#* l 3 ] ttifrg l l fcC«©BTK*^7 >f 

20 T-fooT^ 

±1231 2 0flX?«3&Mtti:Ettatf X^o>%5Mllt£ 
WtT»*>5 "J*3fc^7 

[M*4I l 4 ] StjfcJS l o (rf2tt©^3fc^7 >r /w* 

[ W*« i 5 ] tt*« i o ldB«© Rl*3t^7 >r 

±l2lgH$T5fiT-&U t ±KSfl 2 ©IB fcKtt 

i/4«ft«SrHK«jtfcBJSE**7>f/u^ 0 

30 [ft*^i6] ai**iteiE«©pr***7-<A'^-e 

±E7 r 7x— [§HE^»i3S l 2 »7r7f-@fi 

±f2«B#rifi^te±f2Si? l »t*JB 2©7r 7 J r-m^ 

At)fttt±.mf8 1 ©fiBfc^ v ±IE* l ©7 r 95*— EWE 
f, ±E*n»fS» -hfE®2<D7T7 7*-HI*2 : F&0 ! ± 

ism 2 <DM&*o>m\£mi&-t&-sim!itfr7<(*'fi. 

1 7 ] ft JtiJg 1 6 fcE*© bT«**7 w 

40 tfeot, 

±IE^ 1«77 7f-lElfef©7 r 7f- Hfe^ i: ±IB 
|g 2 © 7 r 7f- r 7f- mScft <t 

L < t£Z> X b l=±E* 1 at** 2W777 9*— BME 

[IS*3S l 8 ) M*4(i fcE*0> "1**16:7 -Y /u^ T? 

±iE7 r EME^ttiEJB i &o«^ 2 (ommmm^ 

50 A*J*I4±E8S 1 ©fflfc^K -hE* l ©ttBSf*^ -h 



3 

I27r ±K*2<o4Iffl»r* : FRO { ±ieilS 

lif&tm. 1 9 ] §i*J§ 1 8 IC|2®(D nj^3t^7 

±mfB l ROW 2 w^Sffi^f^cojt^ttuiSVNfc W-ftX- 

imxm 2 o ] mmm i ice*©*!***:? ^^tx 
±ie^ i row 2 (DUit'f-'Dmcmrt fcaxs^ra^fa^ 

im&m 2 i ] t^*« 2 o icfeffiro^3t#7 ^ /u* 

±E^I*»*B : f-H:» miROW2©l/4j£g;Ei:. 
^l&U««2<Dl/4i^ft«rorafrBatte J ^5'b9 lo 

[ W*Jg 2 2 ] m*m 1 KE*©*!**^ -r *9 X' 

J$A&, EVScjt&££ffi©£lRU'£2aEJF«:r;h<& 

OT^^#ro^^^«)^*6,^fftJ: 9 < ft 5 

JiE^ ROW 2 <^#(D&£©4>#< 
[fS*«S2 3] &#JS2 2fcE*©prSE*5*:7'f A'* 
±EJB 1 ROW 2 *#tt±8M***tf* 

[1**312 4] W#«2 2fc|B*©T5HE* i £7-r/I'* 
±iEfi*#fP/ra#&tt_bE8 l R« 2 «#«r-€r*L-€?ixBJ 

[ft*«2 5] W**2 2Kia*O^T***7-f A'^ 

jiiEfisswflflo^&ii -tiags i row 2 mR&ztizmw 

AR-*-S£iRO'jB2©Sltt47«r-&*. 

±fB^#PS^{±±ISS 1 ROW 2 ©®a£s ©ffi«i« 

[ 2 6 ] 2 2 KEtt© WT^3t^7 

2 7 ] !§;l?>g 1 \zmi&<Z>*l£%:^7 J/UfX 

±e» i row 2 ©«**fitt*x-eft*n*NMM»e>fc 
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tts i row 2©< strait* kjbi©< zxtmnmi® 

RXJV&m>*:ti j eti&m 2 © < £ O^EOJlESBRoqiCgBC: 

SSi©3fc?'7"f/*<k. g£S?i ©3fc 7 r ©36* -b 
IE«l©< 30M8fc«*&-*-5fc*©!Bl©H'Xi:» 

10 tt«52©u>X|ci9*3K$ixfc*ti'-A3j«3f^©jfef|: 

2 8 ] fl|*Jg 2 7 WE*©*!**^ -f 
±ffi» 1 ROW 2 © < * OMR©** ©If^ £ 

i s i n 0" < a 

lies 1 offjfrT-ttflun&ftMta'&ttsJB 1 ©< £o<& 

±ffi* 2 (DMK+tezti't'timmffiwgfr & & s * 2 r 
ow3©< $xmt>*t> ti:r). 

»mu tt*2©< so^wMttRotetta^nwu* 

SI3©< £0<«©j£«R0<]IgBir*tfa-t-5<fc o\c&.m$ 

30 

W 1 <K>2fr7 T 4 '< b . 

tt*i©*7r-f'<a»&©#«rJ:EJBi©< StWtfff 
±E^3©< *t«E*» JB- 2 <ou>X 

©TKIS^-*-5IB2©3t7r-f^i:«r!Efc«JtfcpraE* 

3 0 ] 1 JtE*roRT«**7-f A^t? 

40 fcot, 

±ES 1 ROW 2 <Ofi3tT-tt J Er*i-?*t1SJfflS?%Sa»b<c 
am 1 ROW 2 «55p«ja»b/j: "9 , 

5fcftoS 1 (Oi^^Xir, 

±&&2<»¥-W>*b<n%*$kiiL2ikZ>f&2<n\'i'Xb* 

&m2<Dls>X\'£VMJ&£ntzft¥—J*tfWi7£<D0k{'t 
©T^fe*i-5»2 0*7rW^t*:3Elcffl|*.^«* 

50 [is*JS3i] in** u=«ts«>prK*ss67-f/p^-c 



5 

fcoT> 

n.'pt£< t i> )V*r=>-=.y h<D&*li, _t|ES5 

±8B* i Rvm 2 ©RlfcBH* tbti?>-5f&&mT 

[0 0 0 1 J 

n^KHU 'ttte, S»*©«ft«rtt«r**.S«M4illl*l 
[0 0 0 2] 

m&O&ffil j&k. <&m^ (0<JX«O. 2dB/k 

* -7 r << * t -r z> % -7 r << '< mm > * t a a* m 

[0 0 0 3] «**P&*uTV^*3tJi(i»tt, 

?r^tV^t5¥f«t%ixTV^ 0 
JAK-^77'f'<IIBS (ED FA) rt» JKBMiEfr 

iLt©iA't!>AK-^7T^/« (EDF) <k, 

fctfJjtfi'T/ftS^Srflix.TV^. 0. 9 8/jmffifo5V> 
tel. 4 8 ^ mf ro»ft^tt5*y/3t!rfflv^ ^ t 
laot^'fil. 55 fl m«r$tr$Jffl4H£*'ae>*L 

fl= A-T 5 r t «t o T # > f > fc>*i 5 „ 
[0 0 0 4] *7 7^ 3 

LT, 8fft#fJ#fi (WDM) tfSfc 
5„ WDM^jifflStLSv-^-^AlCiJI,^!^ Hfc-BSE 

5o gffffl'JT'fi, SttfcWDM{f-^7t^3t7 ? -v^7 e V' 
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l^T{si£7— ^ii!St*n5. '<goT, WDMSrigffli- 

5 r i ict or att^raios d-c— ? r -r^i- 

[O0 0 5] WDM>35®JB£;ft5 v-*7.M::3teittSgg£r 
fe*AJl««te\ UiUifUflMM* (y-f>fyH>) 4 

epjaeMtttt) Kioreairad 

55)1 m©3E«T?fWfiiSa*££*.- KSfitt* 
*tfc*»OEDFAJ=OVNrjWflM8ttta«»a-*-«t» #J 
10 ftP/h£bW*iz«$;h,S7^*A'«>%SNR 

[0006] %mffi&n%m&®^ztm-r2>tzib\z, m 

[0007] fu»«^b«4 u-cte^BjiBttjt^-r * t 
v^ci*, ^is^ (x«a^) ©aft**** (Sii^^Stfi 

[0008] t**, «««jftw«»»«r*-t-aBraE3t^ 

/ n v 5 — X (Photonics Technolog 
i e s) th*»b«*S*VCV^*?raE3t#67-f A'^tt, ^ 
7"Jj/ hf-A7-!Ji7-f;l'^ (Sp 1 i t-Be a 
m Fourier Filter) tl^^-WMt LT 
*J5, «M*«j4*aicJ:9, +^«£ft/t'»t-C^ < Hlitfi 

[0009] itrntinw^iic < mstw*© 

3t*7-f^tU, ^ttKgaro-^y^y*^^ (Ma 
ch-Zehnder :MZ) 3t^7 ^ >W *?7 ^. 
h^-7 , '-7 L ^ -y^^au— -)-7'>\'y 4 (A c o u s t o 
— Optic Tunable Filter.:AOT 

f) ^s^pbixrv^o 

[oo io] Hie, mmtfT7 4^fi$:m*mmkLtLt> 

. (#M¥6-1 30339t) . 
[0011] 

so x^mtm^i. o t^-^wmi m^^m^m^ 



7 

Z^^-f^^-^AOTFlcli, (1) 
KIMBJ£a<ftlr\ ( 2 ) mWtMtiz&\,\ (3) fift 

(4) (|«tt^6ntv^it\ ^w^^sfoS. 
[00 12] :ofcft, ( l ) m&W)ti:-fiimi$$:& l-c 
*»*p>-*\ «or«l^«»tt**»bJx«ii:, (2) m.% 

&}^mzi.<zXMVMfi*l&ttL-t. (3) ^lbajBE/!)5{g: 

< ******* *©*«=*«*:-*- »rse3&£? 4 

[0013] £ix&'©*f*fc»fc-fig***:7-f A'*© 

<g*fi<fc LTI4. «fH¥6- 1 3 0 3 3 9 -3-£&ttl£G«t3 

7 -f ;u ? tt^/i 7 r 7f-lHllBft 5r4x 5^f7 r 7 
f— mte^Sr{ix.T*3 0 . »»*©afcS«M*«:-5-;t. 54$ 

i&©7K:{£l4, Sia^«?tt<03briRjtc^bSn5wi«:-^# 
*v\ l»»Lfc*J#<8f{fc»©fflift-eW\ «*.Hn&ifc«Eft 

i&Wiwm&m z is^T-fc s - i as^* $ nx v ^ © 

[0014] iot, 

[0 0 15] 

[KBfef!Nfci-£ £«>©¥&] *JB9]©*>£fll9K: J: -5 
SiAttS 2 ©«%?&« iBJfSj-ft, 7777 
— HME^t4r4i*.fc^r*3lfi*7-f Six*. fR 
lRt** 2 ©«#*•©**«:, Sa-t-SfitifeofltifeMfr 
8H£-*-<58iMft8r#L-C^5. IftffltfrJlHPfix SIM 

oT«:S$tL5o 7 r9f*— 0*5^-14, 11MS2© 

E*IIH#£, *J(m**©***»i*i&*«B2©«* 
^©#* ©»««*©«»«*£«■« itt. igi®33©8i 
t£ £#;t 5 Aft«»eMK^ 777 t* — EME« ©^ 

[0 0 16] C©«fiJcK4.5£. GPJJUftRtftettfttt 
[0017] *RWIB*-CI±, Tgii^j |4«7jj§ 
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[0018] 

i%m<D&m<oMm bit. ssf+iaap^#ffiLT*^w 

^rffltsfctfis©-?. @ i *m&\sXwmx-7 4 ^fiz 
ovvtM9H-5. mmVr-r^/i'?^ SSiwfllft^Pi 
i:. 1S®»r«BPi:. m2©d#;^ P 2 ££. gi@3fc© 
*»OP±te;:©l*fcE*LT*WSS*L3 Q rrt-li, 
*ISOPlc5MT4Z*ISr#i-«ffSE=ft5Qffiai* (X, 

-t^eft. m.mtfrmBP<D^m (ci«xt/c2 

M) KWr-fc!>. SSHSft^P Kom^t YttiJJS 
«i-A*H:4 5 0 T-fc5ti-S. ?g 2 ©flfftT P 2 ©ig 

Si®$ftj 14. «ii+$^«*©«»i*lRlfc— &U J; 

[0019] Si ©filft^P 1 &8iB LfcSJMS**** 
HSrSBP^ASt-rSi:. £©i£ISHB7fcM:, ClWlc^p 
20 fT*fi*BSr*r*-S*»i:C2ttfcWT4fil*BSr* , i- 

£ft&© 2j*a*MftBSr*B P*»&W*$*t<5 1 
«ftliftoT»eS*t*|t«gE©T-C^**n«. ttH 
Ur«B P©W*tfAlt%©ttft&Jt'<-C+&*:#VM§ 
£\ *afttfBP©U*|c«V*T^j£3:h<S3fc©tt&l£ 
•MttftloSD-CftfcS. BP*>. £-J&£*i.*:3fcl4. 

ffiRiB3fC*>S*»t>ton*V\ 2 ©fl§3fc^F- P 2 ©j®i® 
^14. ft 2 ©<!#?• P 2 ic^»+33fc©«*ttttfctt# 
30 f5fcft> Rfti:J:otS/i5„ #Jx.l4\ ®2©ffi3t^ 
P 2 wSifl«* s fc5feS©iiCi»ffijt^5izff ± 5 tc 
@j££*vrv^,!:i-3i:. *o*ft©3tl-*H-*IB2 © 
iS3t^ p 2 <nmm&rtmm#)\z. ioo%ti5, r.n t 
J4S^-5K«I^*3^TI4. SS2©fiI3fc^P 2©Si©Wt 
SXi-5iij»lB3tt-jl*U-CI4, H2C(B3tfP 2©Sig 
*HJW1WU:I40%4:*3. IC. flb.©Kft©R(13t(- 
2 ©M*^ P 2 ©Sii*l4J!lSW(C|4 5 0 %X 

Bij©»*©*iin«*K»-rsflS2©«* j fP2© 

8»*l4«H«*©ttH*WfiXfcfc©**«. ^©i 

[0 0 2 0] 0 2© (A) RT* (B) (4t«65t5©^^ 
^^^^©^©^JSrlftK-rafcferoEl-C-foSc fi»Jx 
f4, #i¥6-l 3 0 3 3 9^-^tc|2«^^Tl/^-5^J 
^3t^7^/u^-CJ4. m l©*B»f7-f A-^©«JB»f* 
BPJCRX.T. 7 7 77 s -|Hlte^&Of2 0© l/4ttft 

©«Jl«rt4«r4:?tSWffftl»©»ttH:, H2© (A) 1^ 

50 iiisiaoqaasi-e**ix5J:v^«ft©tt©3&iRi^Bia£-c 
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*>5o 

[00 2 1] ttoT. ro^r«36^7>fyu#Srfflv^5r. 
ttcj;^. g2(D (B) \^jk£fLZ>£o 4#ttlttj&<D 

[0 0 2 2] B13<D (A) &Xf (B) tt. 

<Z>BTfcS. M2CD (A) -Cfi«Fttft||<D?gtt3flSftfi<7> 
tt^ftl-^TfcSOlC^LT. B3© (A) |Ctjx$ 

tf@3 0 (B) iC/j^ixSJ: iajJ:«[fiffiF«(r*5Jt 
5 * a* *F*T*> 5/yf7-fW $ 
*lT^5<DT&5 0 
[0 0 2 3] #:(£. |9 1 OtfStfr^/W^tco^Tc^ . 

E lsin 0 +E2cos 0 =sin sin<f> sin (cot+ £ l)+cos <j> cos 0 sin (cot+f2) 
= (sincf> sin 0 cos £ 1 +cos <l> cos 0 cos £ 2) sina>t + 
(sintf> sin 0 sin t 1 +cos <t> cos 0 sin £ 2) cos f t 



* (A) RTf (B) (^$*v5J:5ft#i4Sr=fi-t-*^ra>*: 

mm? -c^*\z&\<^x. js i ^fi*^ p i osiBtt p i 

At. ^B5fSBP<D3t^W] (CliRtfC2i) 

3?2GD<S#;^P 2<D@ig^P 2 A<ktf*, H 4 fcl^SiXS 

i5*ffiBBi«ic*>«i:fi^-t-6 0 gp*>. @i§«jPlA 
<bC2ii:^^Sr^U Sig^P 2 A <k C 2 tt £ 

[00 24] SifiMl P 1 Afc^frK* SigUl^ s i n 
(cot) t*J<*tL1tm* *B»f«BP«riiiBUfc*«>C 

l tt!:¥fr4«»E l i c 2tt^?ffft*»E 2 tt, m 

El==sin^sin (cot-ftl) 
E2 = cos<£sin (co t + £ 2 ) 
. i»»t6. »2<D«#^P2fcWfc#oS«tt, 



i:fc5o ££oT. aiB*<Z>3»an tt, 1= cos 2 U + 
0) 4- sin(2<fr) sin(20) cos 2 (( £ 1- £ 2)/2) t tH 
6o *B*r«B POj?^£rd. «JEW«BP{::*3#5«r 

IU) = cos 2 U+ 0) + sin(20) 
i*tri^-C*5. (l) *KJ:0 % aiS36»*tt, 

ttfi<offij&S;*:*v^ l/Att. 5fc— #cBl*T 

iS«"T5ri:asT?*5. 30 
[0 0 2 5] 1/X = a X + b *r 
1(A) = cos 2 U + 0) + sin(20) 
^»P>Jx5 0 F S R (Free Spectral Range) 

tt. aia*^Sftfi«Ftt»c*5Jt5«[fijaSBSr*U. &5tT 

[0027] FSR=1/ a // d (2) 

t£oT. 3fSI©FSRS:#5fc*^tt, }8®St«BP<D 

*aW«BP<off*d*H!i^ttJ:l^i:35St>3&* 
5 0 40 
[0 0 2 8] ST. (1) ft<t>RX$/X&ft 

So H6Sr#RH"t-5i, #J;itt. ft$*iz/± (4 5 

tto*fb<D«^*s*S*tTv^S. ^WttSig^ (Ktt) 
T*>0, «ttttFSRT«»^S*Lfc4a*m*-efcS. 

fl^ffit LT!E^ffifc:ftotetfSfc3©tt, C2 
tt i: igi®tt P2Ai oraoffi j*W*Hl«g* ft Sr^-T/c ft 
T*>0, r*L»cov^tt«-e»L<ttMi-«o 

[0029] ft e Sr^bS-frsaicffiW&^jfett, gi2<z> so 



ft£. 

(c 1 - £ 2) /2 = 7t /x d/A 
t£oT. iSi§3fc<£>3$ac I 
(A) £4 9, 
sin(20) cos 2 (tc txd/X) (1) 

*r#J;ttt. SI 5 i^ZriZm^, SEfifflrttS: 1 5 0 0 n m 
-1 600nm^t^)^ a=4. 165X10" 7 (1/ 
nm 2 ), b = l. 291X10" 3 (1/nm) i45 B 
[0 0 2 6] tfcoT. b£^LTfflM$tgco^£r#;i 
St. 

sin (2 0) cos 2 (tc A/FSR) (1) 7 

I*^ P 2 (^>SiH P 2 ASrliiet 5 ^ i t?* 4« Stt 

t^-rtSfflJt^ttttv^ *fc, «MW4*«8rfliv\h, 

«WW^r»«Sr«rUTV^6BrK*^7-f/u^tt. i^ittb 

^siSTfe 19 xmmmzxn %^<DmMZft ut^ 

[0 0 3 0] ftfltt. *2£Dffi3fe^P 2^Si§$aiP 2 A 
^C2W^/£-r^/$Tfoi9, ^20iS*^P 2-AJtJ 
^S*<oiH*tti:IB2<7>lH* : f 1 P 2oaiS«p 2A^5 

2(0@®ttP 2 A^rlllS-r^^irj tt. rfj5 2<£> 

Sr^^L^^ r 97*— EME^«:0!l*.tf«JBIff«B P«t^2 
(DffiytTP 2 i©BBl:|EiU * 2 (Dfijt^ P 2 Att 



ii 

[0 0 3 1 1 I^DJ;5l-> ^1177 77- 0^ 

[0 0 3 2] H17W (A) XTJf (B) ^WcTht, ^ 
ivWuMSflfc i 5 W£3fc^7 /u* <£>35 1 .SWSfS 2 H 
JS^ffi^^$^xTV^„ 17© (A) i£*£iT,58Sl3! 
ffiJKffi-CJi. ^I|g7T 7 X-lHlte^FRJimaWSB P 
t W. 2 oiiTfc^- P 2 £ ooiriat-t P>*tT*J t) , 12 7^ 

(B) «r^$^xS^2^i£^ffiX'ii, ^7777-0 
ifET-FRfciSglofllft^P l t1SS»f«B Pir^raicia; 

[0 0 3 3] rrT\ |gl&^2*Jfe^S8W ; S-*[-*5 

mxi±. mm^fmBPRtf^^r^f-Mm^FR 

14, 3U<E>(IIft^P 1 tS2©IH^P 2 iroffidiaitt 
e>*v5„ MkoM^P U4, Si^-t-5<S3fero<l3t$4?r 
*S-f5Si§ttP 1 Afc^LT^f?, »2<D<S3t^-P2 
14, Sii-T5(B*<73<a3t«i?r*^i-SSigttP 2 ASrW 
LTV^,, «®ifrt£BPI4, SiS-T5ii:iS5 2<S7t^F4 
I'^XL&nSfiffiM^^-rs^tt (C 1 tt&tfC 2 

7T-@efFRIi, SiS-rSfiTttC^CD^r 7T- 

f-BtefFRroEJiJlffi^fW (tftfxfiC l tt) M 
mrSiifftP 1 ASIfP2AOMWfiii«i:li, S 

[0 0 3 4] £fc, mB5fSBPOjp:^.Ji, fg©FS 

«Jaifrt£BP£ LTI4, i/4j&S« 

* i / 2 t mxtizmmtsxmcuc^TW- < , 

[0 0 3 5] i7ffl (A) lCS%**LS*lSllfc»M|-e 

JffltrSBP, Br*7r77*— |SWE ; F-FR&t«B2«>ffl* 

[0 0 3 6] M7<D (B) \Z.iiiZttW,2mti0&m.X' 
14, ATJ3fcl4, *ttOPIC»oT*l«)«3t^-P 1, ^1 

-7- p 2=&^roHliiiiiia-t-So 

[0037] Hstt^wiciSBrae^^A'*©* 



(7) 1$0lf¥l 1-2 1 204 4 
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rT-14, KigH^TC^^ (X, Y, Z) (rfc^T, z 
WliJtSSO P I£¥-?tX'&>Z> k L< YWlifg l nUKPf-P 
1 cogigWP l Al35p^T-fc5 ir-TS. OR 

[0038] * : mmmmB p<dc lmtmi v>uyt* 

P l'wSiittlP 1 A (Ytt) tfrte-f-fto #*§-|4, Ytfi 
jJ»<bC 1 «i(r(fi]j!)-oTlH]$g-r5i:#lr*r[H]»j tttzft* 

io [0039] e ■.mmi}rWLBP(DCimtfH2(omyt z f- 

P 2K»3i§f6P 2 Ai:;4S^-t-#l„ #-!§-l4, iSi^ P 2 A 
*>f)C ltttrifij^oTHIte-rSirti'^lIIt) -kftSftSr 

[004 0] 6 :Il©l3tf Pl»3ittPlA (Y 
W) im2<D(g 7 t^P 2 0)®i©ttlP 2 At«54tft. *3 

-5I-I4, Y$ftyi^^ig|AP 2 A^(*i^oT[H]tei-2)«!:#l^ 

[004 1] tfc-oT, 0=0 + 5 <fc&5„ 777 

20 <£>ft^f-{4, Xffl^PjY«iir[pjA>oT[al$E-r5i#l'fctlI 
[0 0 4 2] ffi, 0 8 K*5V ftPSfi^Sffi 

# .tj3»t 51s®st«b p»a*»=*j»*«fli5t«t«i©«Eft 

[0 0 4 3] prSE*^7^A'^09aii*»*li*ft«# 
tt«r#fc**fc*fc:tt, (1) 5*3»&i« J: 5 

r sin(2«) sin(20) ^^tr0t?fo-5j tl^9*#Sr 
iB»t«s6:>S*s*>5„ rwfc*. 12 7(7? (A) I^SttS 
30 ^lSliS^ffiroi 5lc7r 77- IH]te^FRSrfflv^-c^ 

(B) |c***ts'jB2*lfi»IB©J:5lc, 7777-0 

[0044] 3t^a^iw«tm4"> atroMitttififttf** 

^riS*Wj§i®3fc{r#.l3r-r«UBl4, 1 x 2ftmx-&LisfrZ> 
v 5 a— >X^<^ h/U (Jones Vector) 
40 2 X 2n^lX'm^tl^>i^3 — >X-r h y y^^. (Jon 
e s Ma t r i x) (C<t t) «S,^tt5>c *7t % ^S-iSii 
^.(C*J(t^7tfl:^»4, v?a— >X-<^ WKD2j£#<£- 

[0 0 4 5] 0 9(4, m7<D (A) !^ 1 ^iS 

V5o rr.T-14, <j> = 7c/4, 5 = 0tU 7777- 
50 S<EAo«raE{b*-a:TV^4. ^#!4Si§* (dB) , « 
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0. 2 5M-0. 2 5t*fc5MW^Lt, 77 

[0 0 4 6] <*> = tc/4 t Lfca^l^tt. -6<a<7c 
/2-6<Dffim U/2©(ffiB) T\ Xtt. 
4 £ L/c^^t^fi, - 6>a>-7r/2-6 <D®M U 

[0 0 4 7] £*>BB«fc£5 % 6 = 0, gP^Sil 

ttPlAWP2A^B>t:W{:ni:, 
777 7-0^ a ©W^ttjEft if ft «rS 

0< a<7c/2XI±0>a>-7r/2 <t & *9 , 7r 
77— Ulte^ a S:— ^r«lrt:Wfc#x.5 «J^7 7 77- HI 
(E^Sr/B^Sr <t^-C# 5 «£ . 7777- m£ 

? F R Srffii^t 5 r i ^"C* «. r<7)r £fi, 
0 7cd (B) lc*Stt©|Ofi»ttlc*3V^Tt>Bia-e*> 

[0048] r^fi&i^ yT^f—mfcftcc&mjj 

3E#3*7 J ^$*i/^MzU^*LAstzm&\Zte\<^X. 
IMP*7i:49o = 0i:4ojS:i:#l: % Sii^^ttS^ 

fc, r<Z>i#Kfi-7r/4<a<re<4£&5fc«>, 7 

ft*^a**JSfflUfc^§E7 7 77— Elte^**SfflV^b 
tLTV^:f§1^i^ 7 7 7 f^lHllcfi a *ft^ffi(^^ t 

7<D (B) ^*StbS»2Sllfi?Bffi^*5V^'Ct>l^«<D» 

[0 0 4 9] H9 0«t 5&«FttSr*i-a^r**^7^7U 

»J*, #J;Ltf, *7r^f '*iif& v-*7^t::*5^T, #it 
[0 0 5 0] H9ir^Six5«H4*r#"*-S^r***7-f 

T, ttft»«rt©aifeo3pi!&tt (eat. r2p*S«5fej t 
»t5 0 ) Sr-ft*r«-3ii^BrfB«c45. BPfe* ft:*: 



(8) 1-212044 
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^9 2ocoKS(D*'il^fi^^fflSg«^^*^i£Si'il 
U\ Io s tt«ftfif«©*«S8:FSR(Dl/2 i5 

[005 l]|lllt 0 9i:i7f;£;Jx5^7 7tc:;fcS^T 

# * ft * x «*/h«5fe * & n*AjRawBjR<o«ti 

^Sr^x.5C^Srffiffl&fiSF^4 3 ^KS < i: U FS 

-fZ>tztb\c^ ^4iBG»*sW«-C«SJxTV^5 (0 13 
[0 0 5 2] l^b^b. hi io*M4S:*ri-5prs 

[0 0 5 3] £i\ If! 1 CD^&ii, SigWP 1 ARXfP 

0<*<7r/4^»lfcS*L5J:5^*S:tSl!^U B. 

~6<a<2<i>-6 (D®£HT*7 7 77^ Elteft a Sr 
SEfb£iir53&\ fcSVMi, - tc/4 < $ < 0 tfSJSfc £th 
S± 5l-fl*«:R5£U Io, - 6>b>2*-S©« 

iT*77 77-0efi a So 
[0054] 012O (A) RTf (B) GO&^f*, <fr = 
jc/6, 5=0<tU 7r 77— EI(S£ a 

30 13 (219 1 1 fclfcttSffiWttft^ttHllSIS CTEI 1 2 CD 

. (A) (B) cD^^lc^^tt^iKg^tiSrffi^LT 

[0 0 5 5] 01 3^bKf)^4<t 9t-. 0 1 

i:^to^5o fML, Hl3 0«"Cfi. 7 7 77-06^ 

[0 0 5 6] 07<o (B) (::*$ft5*2Hte»ffit::*3 
v^ri2, o<e<jc/4 35?i»fc$ns<t9f-0«:B9:^ 

L, IO N -6>a>-2 0-6(7)iiT*777T- @ 
40 igfta?:M^-tt5d\ fc6V^fi, -tc/4<0<O3&* 

SJfcSixS <t Sr^^L, E.o. - Ka<-20 
- 5 commx+y 7 77-0t5ft a Sr»b$-ti:S n t \c X 
oT, 0 7co (A) (OfBi*16JI5ffilc*3Jta<^i:ra«o 

[0 0 5 7] ^, mi<D^m\z£*)ft<t>JLnftO$:±7z 
/4iR*5J:5lrK3ebfc»^t>. ^6 = 0^-T5 
r^tcj:^. 7777— InKc^laS:— ^[Rlfc**t^4-x-5 
WS7 7 77-mte^S:fflv^s r. i ^-e# 5 «t 5 tr/^ 
So 0 7 cd (a) |c*Sft5JBi3il6»ttfr*3V^ 

50 T^6 = <t> t*tZ)^b{Z.£K> , ^7t, 07CO (B) ^tjx 
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[0 0 5 8] *<*>Xt**e£±7c/4 ta4b«rt 
J: 9 #6*13^*11, Hi 4© (A) RXf (B) 

[0 0 5 9] BMO (A) t^*ix5*«9!^J;S^r 
***7^/U*<OjB 3 170 (A) lZ7jk£ 

[0 0 6 0] 1140 (B) \Z7jk£tiZ>$:$£W\Zj:Z)*J 
**^7^/u*<z>JB4liafiJBSBH[, 17© (B) M7n£ 

Jtt^P 2'i:<7>IHfc:i/4«fttE2 / &ttmtb\zWlrt bin 

[0 0 6 1] *2<0*«fett, S2^iS3t-T'P2<t LTSP 

atu-c; iSig^o (Deft) THt/iv^fc*4i:ft«i-«* 

[0 0 6 2] 0 1 5(1. J^OMBft^P 2tttt = 

o. 25 (-6dB) <o^myt^m^\ = 

4, 5=0tLt, 77 77 f -iCflaS:«fb*W 

WsSrBi ifc*$ft««m£Jt*M-6i:. 

*<)5CoT*5 9. L2>t>, 7r 97*— [§Ite#a<D*ftK 
[0 0 6 3] m 7 <Z> (A) Six* SI 1 

ri^#5^btfc5 0 *fc, H7(0 (B) l^£ix 
H\ 0=±«/4|cK3e-r5wtKJ:9 % piii<*r** 

Sg* a £ 4- 5 ^ 777 t* — liJteT- SrfflV^wi^T* 
*5t5i:45o IU7cD (A) fc*£ixSSi l 31 

MBm\zls^Xte8 = <t>t-tZ>^t\'£*), *fc. HI 7 
O (B) ^Sn5®2HJfi?BllBI-*3V^TM:5 = 0 
6^^ta^ mW*?t UTa = 0 bte^tzb ttrjg 

[0 0 6 4] » i a tKJB 2 <o;*f8sfi. »**5fcfc#R«> 
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ffiSr#x.*fc»<cfc^r«!i"C*>So fclx.tf, EI7<D (A) 

£\ «31ttKii«/jaiSa|53»so (Nft) 5 f# 5 

fc*. B9^6W6^ftJ:5^ ft^fliifc (dB) r±4& 

«ir^»**s«>5. JBlXtt«S2 0*jSfe«:ffli^a 

njrfcjti?..**** (dB) i 
tfiTte £**o gji 2^> (a) ^t; (b) 

10 [006 5] ii 7At&3mK-i:Z>'sf&ft&7 * /v9 <n 
■*5*m»IISr*-**BI-c*>*. n<DSSi6JBttM\ nix* 
"ClcRK LfcUffi^ffiic^v^T 1 0(0 «p£7 t 99*— H 

P l&U c ^2(7>H5fe^P 2^C2o^7 7 77- 
0*5^ F R \ RX*F R2tmft hfoX^Z & X «f «tt 
b*t5 0 SSSfteB P(i7r l^TJ^F 

r 2orai-a«we>ix*o 

[0066] r<b«j*fcj:*i: % r*L*-Cl^lftWLfc* 

20 ^=±tc/4, 5=n7r/2 (nl±«E«) £ U 7/7 
7-[H]^FR 1 iaot^ibtl57777-lH]^ 
a 4 ^7777-[HltefFR2HJ:ot4xf)n577 
77-0fi^a 2 ai =a 2 tfft'fcfttfs &l§rtE£* 

[0 0 6 7] A**tt, *KOPi:fp v ot, mi^H5t 

fPl, 7 7 7T-(Hlfif FRl, ffiE#r«BP N 77 

9 -r -mm* FR2ar/i2 oetf p 2 * n <z>nb ic 9 

[0 0 6 8] Bl.8f4, <fr = 7c/4, 6=0<!:U 77 
30 99*— Hl^fta Ma 2 ) Sr. 0<a<7t/4£) 

6 0 nr-C«\ * 2 ofi*^ P 2 4: LTttlBSHB*^ 

[0 0 6 9] Hi 8^bWy*«t Si§^<£>i£fi 

s ^«^/jr#b#7777 r -llIte*Sr^i:$^5fc^ 

01 KDmsmfoMmxi^ mw^-y 1^4^77 

99 f -Eie j f : FR iat/FR2»C«ttS?ixrt^5o MM 
40 ^L^5/h4(L 7 7 97 — [nlflcT- F R 1 Ciot^-iib 
*V£7 7 99 f — [MUc^a! 4 7 7 77-0^ FR2t: 

<to-c^x.^n577?7-ieiSK^a 2 kfrmmmctg 

L</^J:?(:7777-[H]^FR IR&FK 2 

[0 0 7 0] mi 9fi*«B8t^J:5"r**^7>f^^w 
»6ll«Hg|8Sr*-rH'C*>*. ^^MWlt nix* 
T*<0||JEJgJgT*li l ocoffiSiiFf<SB P j&sffl ^ e, JxT V ^ 5 
CO^^fltLT, 20(0«ISfSBPlMBP2^1 
©fiJtfP 1 tm2<Dffift¥P 2 tnmiZ&tthtlX^ 
50 6jR"C»»f*^&ix5 0 
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[0 0 7 1] *1&7t ?y*— Elte^FRM^JffljFrtEBP 

Pi^oT. fglotfI3t^P l, ^Kifr&BP l. 7r 
UHlfr&B P 2&U<g?2<£>(i3te : PP 

[0 0 7 2] r<£>J; 5^20(0^fi®5r^B P lSt/B P 

2Srffii^r £{;:<£ mi s^^zft&m&mmc®. 

1 RUB P 2 0^«](COV^TmJ^CD^ 0 £ PHU^H 

2 ) . £fc, tfrx =±tt/4, <f> 2 =±7r/4 f 6=n 
tt/2 (niiSEfSfc) ti-5o 

[0 0 7 3] H!20J* X <*> = 7t/4, 6=0iU 7 T 
7T- HI^ J ?-FRCDlHl^a?:0< a < tc/2CO|£HT* 

So ^^T'lt »2<£>fiI3fc^P 2 £ LT^x{I3fc^£/B 
PTV^o " - - 

[0 0 74] 020 j&\&9J 6^*<t 5 Sifl*^«fi 

H*»ffi(-*5V^t>, 6 = 0 itsr £K<fc ?u — JbriRl 

[0 0 7 5] 0 2 1 tt**MJCJ:S^r*3t^7>r/U#0 
fiJfe^P 1 i*2^ffl*^P 2 fc^WKKtt&ix*^* 

«*^- 6 «rf«inwfc«*T^5 r t ^hs 0 

[0 0 7 6] *lWfi*?Pl, ^Hl?f«BP, pT*7 
T 7 7 — ElteT' F R 2fct>*g? 2 Oil^T- P 2 teH 7 (7) 
(A) I^Six5JBi3l!l6»tt^Jpli-CE«SixT*5 

W«B P£<z>Bm-I»**e>ftT^So 
[0 0 7 7] U2 i^na6»»rJ:Si: % gi£*<7)&g 

m3(o (a) (b) \c£K>mwLtc*imyt^7 

>f/U*<0«Ftt*:ffCft<. H2<Z> (A) &rj? (B) (CJ: 
«9 BR Lfc pT***7 /u* <o1St£ fc ft bixS r. £ £ ft 

[0 0 7 8] 1*tt*«o»«Srftfc^rj»^«S^«<D* 

WffiB PC0*^Wli:O4i-ftftdSn tt/2 ( n t*g|&) 
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[0 0 7 9] «r2M£ffi^6 £ «;iliL i N bO 

a Lfct>«>Sr«ffl-r sr. £^x* 

[0 0 8 0] H2 2 tt*5SMI^<t 5^1**^7 

[0 0 8 1 ] *J&»n*6lt* 2ft^)l/4KfKlO 

io st;i2t, i / / 4iss^i 'oMi 2mtK»te>n5 

/4«fi«l 0(D3fe^tt£ 1/4«S«1 2(D3t^W£ 
[0 0 8 2] l/4StftSl OfttM 2C9#*C0*^«I 

20 [0 0 8 3] ft, 7 7 77-[H]^8[aot4if)tl 
§77 77-0^^15^^1^ nl^SMe^e^ct 

oTittS£2«3)t*»R|^^x.&n*<ftia»i2 flfcft 
So r<DJDSa(i. #H¥6 - 1 3 0 3 3 9 ^£«<D|^ 

»&-rso 

[0 0 8 4J H2 3(4*«Bi:<t5^3E*f 7-r;u*© 

. [00 8 5]nm N (Nttl <t 0**V^«E») 
07^?M!/H4 (#1, - f #N) frmtftbtl 
TV^So i ( i (11 ^ i ^NSr«fc-t-«E*) #|07>f 
,v9*--v M 4 (# i ) «i,«x#l OfiJK^P 

i. prasg^^e, isajTSBP&rjtni^^r^^-iH] 

■ teT-FRtC^-TSffi^P 1 (#i) , 

(# i) . «®SH£BP (# i) &l57r 9x-|Hlte^ 
FR (# i ) fc^tf. 

[0 0 8 6] ^<r>^&%fr-7 4tV9<0&fek LT^Si§ 
40 *©ttfi#tttt, i2 2|:^^5«ja^^^(D 
aii*^»fiWtti:^ 7^^yH4 (#1, 
#N) K>*ixW©aii*^*ft«Mft4:©«ilcJ:o 

[00 8 7] BI2 4 CO (A) Cl7^£*L5<£ 9 

(r, 02 3cO"I^^7 >fyU^^*3t^T*>eraia*<Z>tt 

oX-^X.P)tLSC0T\ |I!2 4(7) (B) i-^^ttS<t5ft 
50 0fa^aii*<o«ft*M4«:»*ri:*S"et5J:5^4 
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So 

[0 0 8 8] irtU &7 4 >V9z3-~y b 1 4 (# 

wrassMe^e <# i) t, &&&m*mi&m(D®t<Djjfa 

lwJEfl:S-ti:Sfc«)«>*njFf«BP &tf:7T77 
-HffifFR (#1) iSr^TL-CV^i: Lfc*«. 

jfc&T. pfftwffi^e (#i) *>sv^aa»r«BP 
(# i ) 9 x-iEiteT-FR (# i ) *««rt-s 

[0 0 8 9] ^.7 7 97*-liItefl&4-jt5fc 

6c HRlc* ttftX¥6Alc«>5ttJ|L («») £:B«JPL 

[0 0 9 0] r:<z>S.fttt::7T HHEiWSn. <B3£ 

#fc X 9 £ Dfc««**|&*0«ft03EFrtiat«l $ left 
#lT£o JWWSfctt, 7r77-0teft{t 

[0 0 9 1] Sot, ^3t^f B i:r^^3t^*S^ 

[0092] u^u rrt^iufc<^^ 

[0 0 9 3] ^COct5^^*^E^#&fi, 7777 

[0 0 9 4] -tr.T», **M«>a*LV^iat»||"Cf4. 
^77 77*— EME^tt. #i»±fc:Kfi£ixS««#^ 

tc^LTTOn-r^a^^D^i:, »iftt«B2WtJ|LG> 
[0 0 9 5] « x a^^^^io^TK{b^?S^^ 



(11) &ffl¥-l 1 -2 1 2 0 4 4 
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[0 0 9 6] H25«U *»HKSJB^fiBfc^:7T7 
mte^3 20— «i*01S:*-*-BI"Cfc5o ^777 

7 7*— EWE? 1 8 t LTfflV^r i3&ST-#*o 
[0 0 9 7] 7T7X-tiite^3 2(1, 8X^A4 

1 «ft3t^teS4 1 ^Jtb-catMcjiixi-s^rRi^ 

10 W^Wt5*^4 2XtJ c »«^4 3 SflHSf 
4 3 ^■2»a8ES:^*.5'srS*SSaR4 4 4: «r*g"tf 0 
[0 0 9 8] 4 1 t IT, »<«JDffllt 

YIG Wyhy^jR^+sfh) ^xt'^^r^^ 
IS*J*fiS*fc (GdBi) 3 (FeAlGa) 5 O l2 

[0 0 9 9] jKfctjfc^iSI 4 1 Off**"|p]tt«x.fiYtt 
£W?S>0, ~ <7>^£\ ^1^4 2^9^4 3 

20 WZttXtfXttispfT-CifoS. fff4 5li8«m 

[0100] B26I4, 02 5(^Jtl§777T- HI 
15^3 2|£:|3V*T«»3ft*»iB4 1 1^**. fettSiKIHifc 

[0101]^ *iUBtfS4 2 CO^IC £ o tagi^K 
A 4 1 tCii^^ h/U5 l^/lPSiX"CV^5#^ 8£M 
3K^iefi4 KDStit^ h/Wi??*5 2t^^6J;5 

[0102] «x.tfw«>tttBt?i»***:«>7 

3<£>-&j£^ hyufcfcSo r 5 41:: 

40 0, «ft^<^ h/U5 5c7>ft${i^{b-<^ b&5 2(DgJ 
[0 10 3] ^mfa4 KO«{bO»S36«— ft"C*> 

t 7f-0teft att«ft^*ioj t yt<Dfcmjjfa t (dm 

[0 10 4] BP*> % K{b-<^ 2^^CTV>5t^fl8 
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'&%<»7t 77— EHtefcaS/hS < #5<zrc 

[0105] z.(Dmmrm^£z> t, yry^—m^-n 

w^ttH©^ttH^*oT#lcKiS3)t*«*4 1 (Dm 

<cv\ ait. 7777*— iae*iof¥att*5a»ir/£9 % 

7 7 7 7*— EMEfl ^Tte 4 6 0 

[0 10 6] I**tt86»4 4 3&>fc|Jfc»$n5HZ» 

[o i o 7] ££oT, :©<t:5Mf7r7f-lH]g^ 
3t^7 ^ /I-* ©fttlW* pnfefc:* 6o 

[0 10 8] H2 7tt, *»WlcafflpftB*te«>7 7 9 

2' «2 5|:^JW777f- lHlte^3 2 

¥S6 1&(J«6 2SrJK*SU 3fefcT- A 6 3 tfSr.ixfea>¥ 
®6 2£iii§1-5 J: 5J-UTV^5^t?*>S 0 

TtSR&4 5° 4ft»LTV*5 0 
[0109] 028(1. H2 7 I^Stl^777f- HI 

Kf3 2' l^*5V^"C««**te*4 
it«***»S*4 io«ft;o*rlRl&wa>*S:lttWi-« 

[Olio] mM&4 3fci 9Ri*0Six5«ffli, 

7 iT*^$n5«fli^e ? ?3 : -§-7 2x*7n$^L^^S8ot5ffl 

4 2^J;5a«ni«ffSr*UTl^So 
[0 111] rc7)i§£\ ^^#[-o^T(L St7 4 

«»7 7^*six6ttiBo«fiia"e-toaisxt53&rRi^* 

[0 112] r. CD ± 547777- H3IST-3 2«rflH*5 

«S74 3 OB»««E^Br*«S:*ia if 
I^^LI^ 777-r— ElteA<Opr««iiaS:^:#<"r« 

[0 113] ffi. «{toSfiS3»«ft/Mr/j:5«F*7 

snstta («a54 3ici5Bi*n«ff^o^)«ffi) *c 

««#3ftfe*4 l ©Bfto»**+»«Sftt6 J: 5 
*^K^4 2ir < t5BiaifflEj|ij5?R^Six , rv^So 
[0114] #*WfcBffl^fB*»-<feO^ 
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*77 7T-Iallsf 3 2' S:^tit*fc5o 7777- 
0*5^3 2* 4*0 2 5(7)7 7 7'7-IelK^3 2 

19 2 5 £>7k4Utt7 4 2 |£ft X-TflMfce 8 1 Sr» 

ft, kkssmjs i ^Btt*sttSr-^x.*nraEasitaa8 2 

SrKJtTt^S^T-fcS. 

[01 15] 0 3 01*, 0 2 9^$tt57777- HI 
^3 2" li*5l^T«ft*^»fi4 llc#x.bix5«jp. 

Rtf«»3fc^*ss 4 1 ©ttft<B;fria&t«fts Srmw-r 5 
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TUNABLE OPTICAL FILTER 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates generally to a 
tunable optical filter applicable to a system such as an 
optical fiber communication system, and more particularly 
to a tunable optical filter in which the shape of a 
characteristic curve giving a wavelength characteristic of 
transmittance changes along a transmittance axis . 
Description of the Related Art 

In recent years, a manufacturing technique and 
using technique for a low-loss (e.g., 0.2dB/km) optical 
fiber have been established, and an optical fiber 
communication system using the optical fiber as a 
transmission line has been put to practical use. Further, 
to compensate for losses in the optical fiber and thereby 
allow long-haul transmission, the use of an optical 
amplifier for amplifying signal light has been proposed or 
put to practical use. 

An optical amplifier known in the art includes an 
optical amplifying medium to which signal light to be 
amplified is supplied and means for pumping the optical 
amplifying medium so that the optical amplifying medium 



provides a gain band including the wavelength of the signal 
light. For example , an erbium doped fiber amplifier (EDFA) 
includes an erbium doped fiber (EDF) as the optical 
amplifying medium and a pumping light source for supplying 
pump light having a predetermined wavelength to the EDF. 
By preliminarily setting the wavelength of the pump light 
within a 0.98^m band or a 1.48^m band, a gain band 
including a wavelength of 1.55/vm can be obtained. Further, 
another type optical amplifier having a semiconductor chip 
as the optical amplifying medium is also known. In this 
case, the pumping is performed by injecting an electric 
current into the semiconductor chip. 

As a technique for increasing a transmission 
capacity by a single optical fiber, wavelength division 
multiplexing (WDM) is known. In a system adopting WDM, a 
plurality of optical carriers having different wavelengths 
are used. The plural optical carriers are individually 
modulated to thereby obtain a plurality of optical signals, 
which are wavelength division multiplexed by an optical 
multiplexer to obtain WDM signal light, which is output to 
an optical fiber transmission line. On the receiving side, 
the WDM signal light received is separated into individual 
optical signals by an optical demultiplexer, and 
transmitted data is reproduced according to each optical 
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signal. Accordingly, by applying WDM, the transmission 
capacity in a single optical fiber can be increased 
according to the number of WDM channels. 

In the case of incorporating an optical amplifier 
into a system adopting WDM, a transmission distance is 
limited by a gain characteristic (wavelength characteristic 
of gain) which is often called as a gain tilt. For 
example, in an EDFA, a gain deviation is produced at 
wavelengths in the vicinity of 1.55/im. When a plurality of 
EDFAs are cascaded to cause accumulation of gain tilts, an 
optical SNR (signal-to-noise ratio) in a channel included 
in a band giving a small gain is degraded. 

To cope with the gain tilt of an optical amplifier, 
a gain equalizer may be used. Before a degradation in 
optical SNR in a certain channel becomes excessive due to 
accumulation of gain tilts, gain equalization is performed 
by the gain equalizer provided at a suitable position. 

A tunable optical filter is known as an optical 
device usable as the gain equalizer. In the tunable 
optical filter, a wavelength characteristic of 
transmittance (or loss) (wavelength dependence of 
transmittance ) is variable. For example, the wavelength 
characteristic of the tunable optical filter is set or 
controlled so as to cancel the gain tilt of an optical 

3 



amplifier, thereby reducing an interchannel deviation of 
powers of optical signals at the receiving end. 

Conventionally known is a tunable optical filter 
having a mechanically movable part. In this kind of 
tunable optical filter , for example, an angle of incidence 
of a light beam on an optical interference film or a 
diffraction grating is mechanically changed, thereby 
changing a center wavelength in a transmission band or a 
center wavelength in a rejection band. That is, the shape 
of a characteristic curve giving a wavelength 
characteristic of transmittance changes along a wavelength 
axis. Further, a tunable optical filter provided by 
Photonics Technologies, Inc. applies a split-beam Fourier 
filter as the basic principles to make variable not only 
the center wavelength, but a rejection quantity 
(transmittance) itself by mechanical means. That is, the 
shape of a characteristic curve giving a wavelength 
characteristic of transmittance is variable not only along 
the wavelength axis, but along a transmittance axis. 

Further, as a tunable optical filter capable of 
changing a wavelength characteristic of loss by electrical 
means without using any mechanically movable part, a 
waveguide type Mach-Zehnder (MZ) optical filter and an 
acousto-optic tunable filter (AOTF) are known, for example. 
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Further , an optical bandpass filter capable of 
varying a center wavelength applying a birefringent filter 
as the basic principles has been proposed (Japanese Patent 
Laid-open Publication No, 6-130339). 

The tunable optical filter having a mechanically 
movable part has defects such that high-speed operation is 
difficult and reliability is lacking- Further, the MZ 
optical filter and the AOTF at present have defects such 
that (1) a drive voltage is high, (2) a power consumption 
is large, (3) a temperature stabilizing device is required 
to cause an unavoidable enlargement of scale, and (4) 
reliability cannot be obtained. 

It is therefore desired to design a tunable optical 
filter that can satisfy such conditions that (1) no 
mechanically movable part is included to obtain high 
reliability, (2) the filter is controllable by electrical 
means, and (3) a drive voltage is low and a power 
consumption is small. 

As a candidate for the tunable optical filter 
satisfying these conditions, a tunable optical filter 
described in Japanese Patent Laid-open Publication No. 6- 
130339 is noticeable. This tunable optical filter has a 
variable Faraday rotator for giving a variable Faraday 
rotation angle, in which the shape of a characteristic 



curve giving a wavelength characteristic of transmittance 
is changed along the wavelength axis according to a change 
in the Faraday rotation angle. However, the shape of the 
characteristic curve cannot be changed along the 
transmittance axis. In the prior applications of the gain 
equalizer, for example, it is required that a loss depth in 
a rejection band is variable, it therefore cannot be said 
that this tunable optical filter always have a sufficient 
performance as a gain equalizer. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention 
to provide a tunable optical filter in which the shape of a 
characteristic curve giving a wavelength characteristic of 
transmittance changes along the transmittance axis. The 
other objects of the present invention will become apparent 
from the following description. 

In accordance with an aspect of the present 
invention, there is provided a tunable optical filter 
comprising first and second polarizers, a birefringent 
element, and a Faraday rotator. Each of the first and 
second polarizers has a transmission axis determining a 
polarization axis of transmitted polarized light. The 
birefringent element is provided between the first and 
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second polarizers to give a phase difference between two 
orthogonal components of transmitted polarized light. The 
phase difference is determined by an optic axis of the 
birefringent element. The Faraday rotator is provided 
between the first and second polarizers to give a variable 
Faraday rotation angle to transmitted polarized light. The 
order of arrangement of the birefringent element and the 
Faraday rotator and the relative positional relation 
between the optic axis of the birefringent element and the 
transmission axis of each of the first and second polarizers 
are, for example, set so that the shape of a characteristic 
curve giving a wavelength characteristic of transmittance 
changes along a transmittance axis according to a change in 
the Faraday rotation angle. 

With this configuration, the order of arrangement 
and the relative positional relation are set in a specific 
manner, so that the shape of the characteristic curve is 
variable along the transmittance axis , thus , a loss depth 
in a rejection band can be changed, thereby achieving one 
of the objects of the present invention. 

In the present specification, the term of 
"transmittance" is defined as a power transmittance. 

The above and other objects, features and 
advantages of the present invention and the manner of 



realizing them will become more apparent , and the invention 
itself will best be understood from a study of the 
following description and appended claims with reference to 
the attached drawings showing some preferred embodiments of 
the invention - 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a view for illustrating a birefringent 

filter in the prior art; 

FIGS. 2A and 2B are graphs for illustrating a 

characteristic of a tunable optical filter in the prior 

art; 

FIGS. 3A and 3B are graphs for illustrating a 
characteristic of a tunable optical filter required; 

FIG. 4 is a view showing a positional relation 
among members of the birefringent filter shown in FIG. 1; 

FIG. 5 is a graph for illustrating (1/X) 
approximated by a linear function; 

FIG. 6 is a graph showing a change in wavelength 
characteristic of transmittance with a change in an angle 
6 defined in FIG. 4; 

FIGS. 7A and 7B are views showing first and second 
preferred embodiments of the tunable optical filter 
according to the present invention respectively; 
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FIG. 8 is a view showing a positional relation 
among members of each preferred embodiment of the tunable 
optical filter according to the present invention; 

FIG, 9 is a graph showing a first example of the 
wavelength characteristic of transmittance in the present 
invention; 

FIG. 10 is a graph for illustrating loss tilt; 

FIG. 11 is a graph showing a second example of the 
wavelength characteristic of transmittance in the present 
invention; 

FIGS. 12A and 12B are graphs showing a third 
example of the wavelength characteristic of transmittance 
in the present invention; 

FIG. 13 is a graph showing a fourth example of the 
wavelength characteristic of transmittance in the present 
invention; 

FIGS. 14A and 14B are views showing third and 
fourth preferred embodiments of the tunable optical filter 
according to the present invention respectively; 

FIG. 15 is a graph showing a fifth example of the 
wavelength characteristic of transmittance in the present 
invention; 

FIG. 16 is a graph showing a sixth example of the 
wavelength characteristic of transmittance in the present 
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invention; 

FIG. 17 is a view showing a fifth preferred 
embodiment of the tunable optical filter according to the 
present invention; 

FIG. 18 is a graph showing a seventh example of the 
wavelength characteristic of transmittance in the present 
invention; 

FIG. 19 is a view showing a sixth preferred 
embodiment of the tunable optical filter according to the 
present invention ; 

FIG. 20 is a graph showing an eighth example of the 
wavelength characteristic of transmittance in the present 
invention; 

FIG. 21 is a view showing a seventh preferred 
embodiment of the tunable optical filter according to the 
present invention; 

FIG. 22 is a view showing an eighth preferred 
embodiment of the tunable optical filter according to the 
present invention; 

FIG. 23 is a view showing a ninth preferred 
embodiment of the tunable optical filter according to the 
present invention; 

FIGS. 24A and 24B are graphs showing an example of 
the wavelength characteristic of transmittance obtained by 
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the tunable optical filter shown in FIG. 23; 

FIG. 25 is a view showing a Faraday rotator 
applicable to the present invention; 

FIG. 26 is a view for illustrating magnetic fields 
and magnetization in FIG. 25; 

FIG. 27 is a view showing another Faraday rotator 
applicable to the present invention; 

FIG- 28 is a view for illustrating magnetic fields 
and magnetization in FIG. 27; 

FIG. 29 is a view showing still another Faraday 
rotator applicable to the present invention; 

FIG. 30 is a view for illustrating magnetic fields 
and magnetization in FIG. 29; 

FIG. 31 is a view showing a tenth preferred 
embodiment of the tunable optical filter according to the 
present invention; 

FIG. 32 is a view showing an eleventh preferred 
embodiment of the tunable optical filter according to the 
present invention ; 

FIG. 33 is a view showing a twelfth preferred 
embodiment of the tunable optical filter according to the 
present invention; 

FIG. 34A is a view showing a tunable optical filter 
corresponding to that shown in FIG. 31; and 



FIG. 34B is a view showing a thirteenth preferred 
embodiment of the tunable optical filter according to the 
present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Some preferred embodiments of the present invention 
will now be described in detail with reference to the 
attached drawings . 

A birefringent filter will first be described with 
reference to FIG. 1 because it is considered useful in 
understanding the configuration and operation of the 
tunable optical filter according to the present invention. 
The birefringent filter shown in FIG. 1 is configured by- 
arranging a first polarizer PI , a birefringent plate BP, 
and a second polarizer P2 in this order on an optical path 
OP. An orthogonal three-dimensional coordinate system (X, 
Y, Z) having a Z axis parallel to the optical path OP is 
adopted herein. It is assumed that the X axis and the Y 
axis are parallel to the optic axes (CI axis and C2 axis) 
of the birefringent plate BP respectively, and the angle 
formed between the transmission axis of the first polarizer 
PI and the Y axis is 4 5°. The angle formed between the 
transmission axis of the second polarizer P2 and the Y axis 
is arbitrary. "The transmission axis of a polarizer" points 
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in a direction of vibration of linearly polarized light 
transmitted through the polarizer, and it is generally 
defined as an axis determining the polarization axis of 
polarized light transmitted through the polarizer. 

When linearly polarized light transmitted through 
the first polarizer PI enters the birefringent plate BP, 
the linearly polarized light is separated into a component 
having a polarization plane parallel to the CI axis and a 
component having a polarization plane parallel to the C2 
axis, and these two components propagate in the 
birefringent plate BP. Upon output from the birefringent 
plate BP, these two components are combined at a phase 
difference determined according to wavelength. In the case 
that the thickness of the birefringent plate BP is 
sufficiently larger than the wavelength of incident light, 
the polarization state of the light combined at the output 
of the birefringent plate BP differs based on wavelength. 
That is, the combined light can be linearly polarized 
light, or circularly, or elliptically polarized light 
according to wavelength. The transmittance of the second 
polarizer P2 depends on the polarization state of light 
incident on the second polarizer P2, and therefore differs 
according to wavelength. For example, assuming that the 
transmission axis of the second polarizer P2 is fixed so as 
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to be parallel to linearly polarized light having a certain 
wavelength, the transmittance of the second polarizer P2 to 
the light of this wavelength is 100% in principle. At 
another wavelength, the transmittance of the second 
polarizer P2 to linearly polarized light perpendicular to 
the transmission axis of the second polarizer P2 is 0% in 
principle. Further, the transmittance of the second 
polarizer P2 to circularly polarized light having another 
wavelength is 50% in principle, and the transmittance of 
the second polarizer P2 to elliptically polarized light 
having another wavelength varies according to the 
ellipticity of the elliptically polarized light. Thus, the 
transmittance of this birefringent filter varies depending 
upon the wavelength of incident light. 

FIGS. 2A and 2B are graphs for illustrating a 
characteristic of a conventional tunable optical filter. 
In the tunable optical filter described in Japanese Patent 
Laid-open Publication No. 6-130339, for example, a phase 
shifter including a Faraday rotator and two quarter-wave 
plates is provided in place of the birefringent plate BP of 
the birefringent filter shown in FIG. 1, thereby obtaining 
a wavelength characteristic such that the transmittance 
periodically changes with wavelength. As shown by solid 
and broken lines in FIG. 2A, a characteristic curve giving 
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this wavelength characteristic is variable in shape along 
the wavelength axis. Accordingly, by using this tunable 
optical filter, it is possible to provide an optical 
bandpass filter whose characteristic curve is variable in 
shape along the wavelength axis as shown in FIG. 2B. 

FIGS. 3A and 3B are graphs for illustrating a 
characteristic of a tunable optical filter required by the 
present invention. In FIG. 2A, the shape of the 
characteristic curve is variable along the wavelength axis. 
In contrast therewith, the tunable optical filter required 
by the present invention has a characteristic curve whose 
shape is variable along the transmittance axis as shown in 
FIG. 3A. More specifically, in consideration of use as a 
gain equalizer, it is required to realize a notch filter in 
which a loss depth in a rejection band is variable as shown 
as an example in FIG. 3B. 

Now, quantitative analysis will be made on the 
birefringent filter shown in FIG. 1 and next developed into 
showing a method for providing a tunable optical filter 
having such a characteristic as shown in FIGS. 3A and 3B. 
It is now assumed that in the birefringent filter shown in 
FIG. 1 the transmission axis P1A of the first polarizer PI, 
the optic axes (CI axis and C2 axis) of the birefringent 
plate BP, and the transmission axis P2A of the second 
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polarizer P2 are in positional relation to each other as 
shown in FIG. 4. That is, let <J> denote the angle formed 
between the transmission axis P1A and the C2 axis and 9 
denote the angle formed between the transmission axis P2A 
and the C2 axis. 

When linearly polarized light sin (cat) enters the 
birefringent filter in a direction parallel to the 
transmission axis P1A, a component El of transmitted light 
through the birefringent plate BP parallel to the CI axis 
and a component E2 of the transmitted light parallel to the 
C2 axis can be expressed as follows: 

El = sin<|> sin (cot + el )_ 

E2 = cos<|> sin (cat + z2 ) 
where eI and e2 are the phase delays of the components El 
and E2 respectively. The amplitude of light emerging from 
the second polarizer P2 is given as follows: 

Elsin0 + E2cos0 

= sin<}> sin 6? sin (cot + el) + cos<j> cos 6 sin (cot + e2 ) 
= (sin<|> sinO cosel + cos<(> cos0 cose2) sincat + 
(sin(j> s±x\9 sinsl + cos<j> cosfl sine2) cosart 

Accordingly , the intensity I of transmitted light is given 

as follows: 

I = cos2(<|) + 0) + sin(2<j>) sin(20) cos2((ei - e2)/2) 
letting d denote the thickness of the birefringent plate 
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BP, }i denote the refractive index difference between an 
ordinary ray and an extraordinary ray in the birefringent 
plate BP, and X denote the wavelength, the following 
equation holds . 

(el - e2) / 2 = n pd/X 
Accordingly, the intensity I of transmitted light can be 
expressed as a function I(M of wavelength X to give Eq. 
(!)• 

I(X) = cos2(<j) + 9) + sin(2<t>) sin(20) cos2(tt pd/X) 

... (1) 

As understood from Eq. (1), the transmitted light intensity 
has wavelength dependence and periodically changes with 
wavelength. If the value of wavelength X is higher than an 
actually operating wavelength band, 1/X can be approximated 
by a linear function as follows : 
1/X = aX + b 

If the wavelength band is set to a range of 1500nm 
to 1600nm as shown in FIG. 5, for example, a = -4.165 x 
10-7 (l/nm2) and b = 1.291 x 10-3 (l/nm). 

Neglecting b and considering only a relative 
wavelength, Eq. (I) 1 is given. 

1(X) = cos2(<|> + 6) + sin(2<t>) sin(20) cos2(^ X/FSR) 

... (1)' 

where FSR (Free Spectral Range) represents a wavelength 



period in a wavelength characteristic of transmittance, and 
it is expressed as follows: 

FSR = 1 / ayd . . . ( 2 ) 

Accordingly, it is understood that a required FSR 
can be obtained by adjusting the thickness d of the 
birefringent plate BP provided that the refractive index 
difference p determined by the material of the birefringent 
plate BP is constant. 

Eq. (1) shows that the transmitted light intensity 
changes with a change in angle <j> and/or angle 9 . 
Referring to FIG. 6, there is shown a change in wavelength 
characteristic of transmittance in the case that the angle 
6 is changed with the angle <j> fixed to (45°) , for 

example. In FIG. 6, the vertical axis represents 
transmittance (true value) and the horizontal axis 
represents relative wavelength normalized by FSR. The 
signs attached to the values of the angle 6 having 
positive and negative value are intended to show relative 
rotational directions between the C2 axis and the 
transmission axis P2A f which will be hereinafter described 
in detail. 

A direct method for changing the angle 6 is to 
rotate the transmission axis P2A of the second polarizer 
P2. In present techniques, any polarizer capable of 
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rotating its transmission axis without using mechanical 
means is not known. Although a polarizer capable of 
rotating its transmission axis can be provided by using 
mechanical means, a tunable optical filter having a 
mechanically movable part has problems such that high-speed 
operation is difficult and reliability is lacking. In view 
of this fact, the present invention has proposed a method 
using a variable Faraday rotator as will be hereinafter 
described in detail . 

The angle 0 is an angle formed between the 
transmission axis P2A of the second polarizer P2 and the C2 
axis, and it can be said that the angle 6 is an angle 
formed between the polarization axis of light incident on 
the second polarizer P2 and the transmission axis P2A of 
the second polarizer P2. In other words, "rotating the 
transmission axis P2A of the second polarizer P2" is 
substantially the same as "rotating the polarization axis 
of light incident on the second polarizer P2". 
Accordingly, by locating a Faraday rotator for giving a 
variable Faraday rotation angle between the birefringent 
plate BP and the second polarizer P2, and by rotating an 
azimuth of polarized light incident on the second polarizer 
P2 , the same condition as that obtained by changing the 
angle 6 can be realized, and the transmitted light 
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intensity can therefore be changed according to the 
rotation of the azimuth. 

Similarly, by locating a variable Faraday rotator 
between the first polarizer PI and the birefringent plate 
BP, and by rotating an azimuth of polarized light incident 
on the birefringent plate BP, the same condition as that 
obtained by changing the angle <t> can be realized, and the 
transmitted light intensity can therefore be changed 
according to the rotation of the azimuth. 

Referring to FIGS- 7A and 7B, there are shown first 
and second preferred embodiments of the tunable optical 
filter according to the present invention respectively. in 
the first preferred embodiment shown in FIG. 7A, a variable 
Faraday rotator FR is provided between the birefringent 
plate BP and the second polarizer P2 . In the second 
preferred embodiment shown in FIG. 7B, a variable Faraday 
rotator FR is provided between the first polarizer PI and 
the birefringent plate BP. 

The simplest and clearest requirements for carrying 
out the tunable optical filter according to the present 
invention in each of the first and second preferred 
embodiments will now be reconfirmed. In each preferred 
embodiment, the birefringent plate BP and the variable 
Faraday rotator FR are provided between the first polarizer 
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Pi and the second polarizer P2 . The first polarizer Pi has 
a transmission, axis P1A determining the polarization axis 
of transmitted polarized light, and the second polarizer P2 
has a transmission axis P2A determining the polarization 
axis of transmitted polarized light. The birefringent 
plate BP has optic axes (CI axis and C2 axis, or any one of 
them) determining a phase difference given between two 
orthogonal components of transmitted polarized light. The 
variable Faraday rotator FR gives a variable Faraday 
rotation angle to transmitted polarized light. The order 
of arrangement of the birefringent plate BP and the 
variable Faraday rotator FR, and the relative positional 
relation between the optic axis (e.g., CI axis) and the 
transmission axes P1A and P2A are set so that the shape of 
a characteristic curve giving a wavelength characteristic 
of transmittance changes along the transmittance axis 
according to a change in the Faraday rotation angle. 

F urther , the thickness of ^ the^bire fringe nt plate BP 
is designed so that a required FSR can be obtained. To 
realize wavelength dependence of transmittance, a 
birefringent plate having a thickness larger than that of a 
quarter-wave plate or a half -wave plate, specifically, 
having a thickness sufficiently larger than an operating 
wavelength, is used as the birefringent plate BP. J More 7 
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specifically, a birefringent plate capable of giving a 
phase difference corresponding to a length 20 to 100 times 
an operating wavelength is adopted as the birefringent 
plate BP, 

In the first preferred embodiment shown in FIG. 7A, 
input light is transmitted through the first polarizer PI, 
the birefringent plate BP, the variable Faraday rotator FR, 
and the second polarizer P2 in this order along the optical 
path OP. 

In the second preferred embodiment shown in FIG. 
7B, input light is transmitted through the first polarizer 
PI, the variable Faraday rotator FR, the birefringent plate 
BP, and the second polarizer P2 in this order along the 
optical path OP. 

FIG. 8 shows a positional relation among the 
members in each preferred embodiment of the tunable optical 
filter according to the present invention. It is assumed 
that in the orthogonal three-dimensional coordinate system 
(X, Y, Z) the Z axis is parallel to the optical path OP, 
and the Y axis is parallel to the transmission axis PlA of 
the first polarizer PI. Further, <j>, 6, and 5 will be 
defined newly or more precisely as follows: 

<|>: angle formed between the CI axis of the 
birefringent plate BP and the transmission axis PlA (Y 
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axis) of the first polarizer Pi. It is assumed that the 
angle <j> takes a positive sign when rotating clockwise from 
the Y axis toward the CI axis. 

6 : angle formed between the CI axis of the 
birefringent plate BP and the transmission axis P2A of the 
second polarizer P2 . It is assumed that the angle 6 takes 
a positive sign when rotating clockwise from the 
transmission axis P2A toward the CI axis. 

6: angle formed between the transmission axis PlA 
( Y axis) of the first polarizer Pi and the transmission 
axis P2A of the second polarizer P2 . It is assumed that 
the angle 6 takes a positive sign when rotating clockwise 
from the Y axis toward the transmission axis P2A. 

Accordingly, <j> = 0+6. Further , the Faraday 
rotation angle a given by the Faraday rotator FR takes a 
positive sign when rotating counterclockwise from the X 
axis toward the Y axis . 

In FIG. 8, the group of an ellipse (including a 
circle) and straight lines represented by reference symbol 
PS represents wavelength dependence of a polarization state 
at the output of the birefringent plate BP in the case of a 
= 0. 

To make the transmitted light intensity of the 
tunable optical filter have wavelength dependence , the 



condition that ,, sin(2<t>) sin(20) is always zero" must be 
avoided as apparent from Eq. (1), Therefore, in the case 
of providing the same condition as that obtained by 
substantially changing the angle 0 by using the Faraday 
rotator FR as described in the first preferred embodiment 
shown in FIG. 7A, the angle <|> must satisfy <|> * nn/2 (n is 
an integer). Further, in the case of providing the same 
condition as that obtained by substantially changing the 
angle <j> by using the Faraday rotator FR as described in the 
second preferred embodiment shown in FIG. 7B, the angle 0 
must satisfy 9 * tut/2 (n is an integer). 

According to the optical theory, a polarization 
state of light and an operation of an optical element acting 
on its transmitted light can be represented by a 1 x 2 
matrix known as the Jones Vector and a 2 x 2 matrix known 
as the Jones Matrix. Further, optical power at each 
transmission point can be expressed as the sum of the 
squares of two components of the Jones Vector. By matrix 
calculation using the Jones Vector and the Jones Matrix, 
the transmittance (power transmittance) of the tunable 
optical filter according to the present invention can be 
calculated . 

FIG. 9 shows the results of calculation of a 
wavelength characteristic of transmittance in the first 
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preferred embodiment shown in FIG. 7 A under the conditions 
that the angles <f> and 8 are set to <j> = re/ 4 and 6 = 0, and 
the Faraday rotation angle a is changed. In FIG. 9, the 
vertical axis represents transmittance (dB) and the 
horizontal axis represents relative wavelength normalized 
by FSR. As apparent from FIG. 9, the shape of the 
characteristic curve giving the wavelength characteristic 
of transmittance changes along the transmittance axis (the 
vertical axis ) with a change in the Faraday rotation angle 
a in the condition that the points corresponding to 
relative waivelengths of 0.25 and -0.25 are fixed points. 

By changing the Faraday rotation angle a in the 
range of -8 < a < re/2 - 5 (range of re/2) in the case of 4> = 
re/4, or in the range of -5 > a > -re/2 - 8 (range of n/2) in 
the case of <|> = -re/4, all obtainable conditions of the 
wavelength characteristic of transmittance can be realized. 

According to this relation, it is understood that 
in the case of 8 = 0, that is, in the case that the 
transmission axes P1A and P2A are made parallel to each 
other, it is sufficient to select either a positive sign or 
a negative sign for the Faraday rotation angle a to be 
changed. Accordingly, by setting 8=0, 0<a<re/2or0> 
a > -re/ 2 is given, so that a Faraday rotator giving a 
Faraday rotation angle a in only one direction can be used, 
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thereby simplifying the configuration of the Faraday 
rotator FR. This effect is similarly exhibited also in the 
second preferred embodiment shown in FIG. 7B. 

Conversely, by using a variable Faraday rotator 
capable of giving a Faraday rotation . angle a in opposite 
directions and setting 6 = <|>, the transmittance becomes 
constant irrespective of wavelength when a = 0. For 
example, in the case that the tunable optical filter 
according to the present invention is incorporated into a 
system, there is a case that a constant transmittance is 
preferable irrespective of wavelength when control becomes 
off to result in a = 0. In this case, -tt/4 < a < rz/4 
holds, so that the absolute value of the Faraday rotation 
angle a is smaller than rr/4. Accordingly, in the case that 
a variable Faraday rotator applying a magneto-optic effect 
is used, it is possible to reduce the power consumption 
when the Faraday rotation angle a is set to a maximum 
value. Similar discussions apply also to the second 
preferred embodiment shown in FIG. 7B, in which it is 
sufficient to set 6=0. 

The tunable optical filter having such a 
characteristic as shown in FIG. 9 is potentially applied to 
a power equalizer having a variable loss tilt, for example. 
The term of "loss tilt" indicates a slope of a linear 
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characteristic curve giving a wavelength characteristic of 
transmittance represented by logarithm as shown in FIG. 10. 
Such a power equalizer having a variable loss tilt is 
effective in equalizing gain tilt in an optical amplifier 
or in compensating for loss tilt in an optical fiber in an 
optical fiber communication system, for example. 

In the case of using the tunable optical filter 
having such a characteristic as shown in FIG. 9 as an 
equalizer having a variable loss tilt, an average of losses 
in an operating wavelength band (which will be hereinafter 
referred to as "average loss") can be maintained constant 
by selecting the operating wavelength band in the following 
manner, for example. That is, a center value between 
adjacent two wavelengths of some wavelengths providing a 
maximum loss or a minimum loss is selected as a center 
wavelength in the operating wavelength band, and the 
bandwidth of the operating wavelength band is set smaller 
than 1/2 of FSR. 

FIG. 11 shows an example obtained by selecting a 
point C which gives a center value between a point A and a 
point B each providing a maximum loss or a minimum loss in 
the graph shown in FIG. 9 as a center wavelength in the 
operating wavelength band, and by setting the bandwidth of 
the operating wavelength band to 1/5 of FSR. As apparent 
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from FIG. 11, a characteristic with a variable loss tilt is 
obtained. Further , as also apparent from FIG. 11 , the 
average loss does not change irrespective of a change in 
the Faraday rotation angle a. In the graph shown in FIG, 
11, a perfect straight line shown by a broken line clearly 
indicates that each characteristic curve is substantially 
linear (as also in the cases of FIGS. 13 and 16). 

However, the tunable optical filter having the 
characteristic of FIG. 11 has a problem that the average 
loss is as large as 3 dB. To solve this problem, the 
following two methods are considered. 

The first method is a method of making the angle 
or 9 ) between one of the transmission axes P1A and P2A and 
the CI axis of the birefringent plate BP different from ± 
rr/4. 

For example, in the first preferred embodiment 
shown in FIG. 7A, the angle <J> is set so as to satisfy 0 < <|> 
< n/A and the Faraday rotation angle a is changed in the 
range of -6 < a < 2<f> - 6. Alternatively, the angle <J> is 
set so as to satisfy -tt/4 < <j> < 0 and the Faraday rotation 
angle a is changed in the range of -6 > a > 2<j> - 6. 

FIGS. 12A and 12B show the results of calculation 
of a wavelength characteristic of transmittance under the 
conditions that the angles <|> and 6 are set to <j> = n/6 and 6 

28 



= 0 and the Faraday rotation angle a is changed. FIG. 13 
shows a wavelength characteristic obtained by enlarging a 
part of the wavelength characteristic shown in FIGS. 12A 
and 12B in accordance with the relative wavelength range 
shown in FIG. 11. As apparent from FIG. 13, the average 
loss is smaller than that of the wavelength characteristic 
shown in FIG. 11. However, the average loss changes with a 
change in the Faraday rotation angle a in the example of 
FIG. 13. 

In the second preferred embodiment shown in FIG. 
7B, the angle Q is set so as to satisfy 0 < 0 < n74 and 
the Faraday rotation angle a is changed in the range of -6 
> a > -2 6 - 6. Alternatively, the angle 6 is set so as 
to satisfy -rr/4 < 0 < 0 and the Faraday rotation angle a 
is changed in the range of -6 < a < -2 0 - 6. Also in this 
case, an effect similar to that in the first preferred 
embodiment shown in FIG. 7 A can be obtained. 

Also in the above case of making the angle ^ or 0 
different from ±tt/4 according to the first method, a 
variable Faraday rotator capable of giving a Faraday 
rotation angle a in only one direction can be used by 
setting 6 = 0. Further, by setting 6 = <J> in the first 
preferred embodiment shown in FIG. 7A, or by setting 5=0 
in the second preferred embodiment shown in FIG. 7B, the 



transmittance can be maintained constant irrespective of 
wavelength when control becomes off to result in a = 0. 

The effect obtained by making the angle <J> or 6 
different from ±n/4 can be realized also by inserting a 
quarter-wave plate at a proper position with a proper angle 
to change a polarization orientation as shown in each of 
FIGS. 14A and 14B. 

FIG. 14A shows a third preferred embodiment of the 
tunable optical filter according to the present invention. 
In contrast with the first preferred embodiment shown in 
FIG. 7A, the third preferred embodiment is characterized in 
that a quarter-wave plate 2 is additionally provided 
between the first polarizer PI and the birefringent plate 
BP. 

FIG. 14B shows a fourth preferred embodiment of the 
tunable optical filter according to the present invention. 
In contrast with the second preferred embodiment shown in 
FIG. 7B, the fourth preferred embodiment is characterized 
in that a quarter-wave plate 2 is additionally provided 
between the birefringent plate BP and the second polarizer 
P2. 

The second method is a method of using a partial 
polarizer as the second polarizer P2. The term of "partial 
polarizer" refers to a polarizer indicating a transmittance 
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value not equal to 0 ( antilogarithm) upon incidence of 
linearly polarized light having a polarization plane 
orthogonal to the transmission axis. In the partial 
polarizer, the transmittance of linearly polarized light 
having a polarization plane orthogonal to the transmission 
axis is defined as t. 

FIG. 15 shows the results of calculation of a 
wavelength characteristic of transmittance by using a 
partial polarizer having a transmittance t = 0.25 (-6dB) as 
the second polarizer P2 under the conditions that the 
angles <f> and 6 are set to <j> = rr/4 and 6 = 0 and the Faraday 
rotation angle ot is changed. 

FIG. 16 shows a wavelength characteristic obtained 
by enlarging a part of the wavelength characteristic shown 
in FIG. 15. As compared with the characteristic shown in 
FIG. 11, the average loss is smaller in the characteristic 
shown in FIG. 16. Furthermore, the average loss does not 
change with a change in the Faraday rotation angle a. 

In the case of carrying out the second method in 
the first preferred embodiment shown in FIG. 7A, a variable 
amount (a variable range of transmittance at a certain 
wavelength) can be maximized by setting <j) = ±rr/4, because 
all obtaintable conditions of the wavelength characteristic 
of transmittance can be realized as previously mentioned. 



In the case of carrying out the second method in the second 
preferred embodiment shown in FIG. 7B, a variable amount 
can similarly be maximized by setting 6 = ± tt/4. 

Also in the case of carrying out the second method, 
a variable Faraday rotator capable of giving a Faraday 
rotation angle in only one direction can be used by setting 
6=0. Further , by setting 6 = <|> in the first preferred 
embodiment shown in FIG. 7A, or by setting 6 = 6 in the 
second preferred embodiment shown in FIG. 7B, the 
transmittance can be maintained constant irrespective of 
wavelength when control becomes off to result in a = 0. 

The first and second methods are effective also in 
giving a finite value to the maximum loss. For example, in 
the case of setting <f> = jt/4 in the first preferred 
embodiment shown in FIG. 7A, the power transmittance takes 
0 (antilogarithm) in principle, so that the maximum loss 
(dB) becomes infinite as apparent from FIG. 9. In some 
case, such a characteristic is undesirable in operating a 
system. By using the first or second method, the maximum 
loss (dB) can be suppressed to a finite value. This will 
become apparent from FIGS. 12A and 12B and FIG. 15. 

FIG. 17 shows a fifth preferred embodiment of the 
tunable optical filter according to the present invention. 
In each of the previous preferred embodiments, a single 
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variable Faraday rotator FR is used. In contrast 
therewith, the fifth preferred embodiment is characterized 
in that two variable Faraday rotators FR1 and FR2 are 
provided between the first polarizer PI and the second 
polarizer P2. The birefringent plate BP is provided 
between the Faraday rotators FRl and FR2 . This 
configuration can provide a wavelength characteristic 
different from each wavelength characteristic mentioned 
above . 

For example, consider the case of rotating a 
Faraday rotation angle al given by the Faraday rotator FRl 
and a Faraday rotation angle a 2 given by the Faraday 
rotator FR2 with the relation of al = a 2 maintained under 
the conditions that the angles $ and 6 are set to <j> = ±jt/4 
and 6= nn/2 (n is an integer). Input light is transmitted 
through the first polarizer PI , the Faraday rotator FRl , 
the birefringent plate BP, the Faraday rotator FR2 , and the 
second polarizer P2 in this order along the optical path 
OP. 

FIG. 18 shows a wavelength characteristic of 
transmittance in the case of rotating the Faraday rotation 
angle a (al and a2) in the range of 0 < a < nV4 under the 
conditions that the angle <j> and 5 are set to <|> = rr/4 and 6 
= 0. In this case, a partial polarizer is used as the 



second polarizer P2. As apparent from FIG. 18, the minimum 
loss in the wavelength characteristic of transmittance is 
always zero irrespective of the Faraday rotation angle a. 

To change each Faraday rotation angle with the 
relation of al = a2 maintained, the fifth preferred 
embodiment shown in FIG. 17 employs a control unit 4 
connected to the Faraday rotators FR1 and FR2. The control 
unit 4 controls the Faraday rotators FRl and FR2 so that 
the Faraday rotation angle al given by the Faraday rotator 
FRl and the Faraday rotation angle a2 given by the Faraday 
rotator FR2 become substantially equal to each other. 

FIG. 19 shows a sixth preferred embodiment of the 
tunable optical filter according to the present invention. 
In each of the previous preferred embodiments, a single 
birefringent plate BP is used- In contrast therewith, the 
sixth preferred embodiment is characterized in that two 
birefringent plates BP1 and BP 2 are provided between the 
first polarizer PI and the second polarizer P2. The 
variable Faraday rotator FR is provided between the 
birefringent plates BPl and BP2. Input light is 
transmitted through the first polarizer pi, the 
birefringent plate BPl, the Faraday rotator FR, the 
birefringent plate BP2, and the second polarizer P2 in this 
order along the optical path OP. 
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By using the two biref ringent plates BP1 and BP2 , a 
wavelength characteristic like the wavelength 
characteristic shown in FIG. 18 can be obtained. For 
example, angles <j)l and <j>2 are defined with respect to the 
optic axes of the birefringent plates BP1 and BP 2 
respectively, as similarly to the angle <|> mentioned above, 
and the angles <|>1 and <J>2 are set equal to each other (<j>l = 
<t>2). Further, the angles <j>l, <j>2, and 6 are set to <|>1 = ± 
rr/4, <f>2 = ±nV4, and 6 = nzr/2 (n is an integer). 

FIG. 20 shows a wavelength characteristic of 
transmittance in the case of rotating the Faraday rotation 
angle a given by the Faraday rotator FR in the range of 0 < 
a < n/2 under the conditions that the angles <|>1, <|>2, and 6 
are set to <|>1 = <J>2 = tt/4 and 6 = 0. In this case, a 
partial polarizer is used as the second polarizer P2 . As 
apparent from FIG. 20, the minimum loss in the wavelength 
characteristic of transmittance is always zero irrespective 
of the Faraday rotation angle a. 

Also in the sixth preferred embodiment shown in 
FIG. 19, a Faraday rotator capable of giving a variable 
Faraday rotation angle in only one direction can be used by 
setting 6=0. 

FIG. 21 shows a seventh preferred embodiment of the 
tunable optical filter according to the present invention. 



This preferred embodiment is characterized in that a 
variable phase shifter 6 is additionally provided between 
the first polarizer PI and the second polarizer P2. The 
variable phase shifter 6 gives a phase difference 
(retardation) between a polarization component parallel to 
its optic axis and a polarization component orthogonal to 
its optic axis. The phase difference is made variable by a 
control signal supplied to the variable phase shifter 6. 
The first polarizer PI, the birefringent plate BP, the 
variable Faraday rotator FR, and the second polarizer P2 
are arranged in accordance with the first preferred 
embodiment shown in FIG. 7A. Further, the variable phase 
shifter 6 is provided between the first polarizer PI and 
the birefringent plate BP. 

According to the preferred embodiment shown in FIG. 
21, the shape of a characteristic curve giving a wavelength 
characteristic of transmittance changes not only with a 
change in the Faraday rotation angle given by the variable 
Faraday rotator FR aiong the transmittance axis, but also 
with a change in the phase difference given by the variable 
phase shifter 6 along the wavelength axis. Consequently, 
not only the characteristic of the tunable optical filter 
described with reference to FIGS. 3A and 3B, but also the 
characteristic of the tunable optical filter described with 
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reference to FIGS, 2A and 2B can be obtained. 

To most effectively change the shape of the 
characteristic curve along the wavelength axis, it is 
preferable to set the angle between the optic axis of the 
variable phase shifter 6 and the optic axis of the 
birefringent plate BP to nrr/2 (n is an integer). 

As the variable phase shifter 6, an optical element 
applying an electro-optic effect such as LiNb0 3 may be 
adopted. However, such a variable phase shifter applying 
an electro-optic effect requires a high drive voltage in 
general . 

FIG. 22 shows an eighth preferred embodiment of the 
tunable optical filter according to the present invention. 
This preferred embodiment employs a variable phase shifter 
6 having a specific configuration to aim at decreasing the 
drive voltage for the variable phase shifter 6. The 
variable phase shifter 6 shown in FIG. 22 includes two 
quarter-wave plates 10 and 12 and another variable Faraday 
rotator 8 provided between the quarter-wave plates 10 and 
12. The angle formed between the optic axis of the 
quarter-wave plate 10 and the optic axis of the quarter- 
wave plate 12 is set to n/2. By setting the angle between 
the optic axis of each of the quarter-wave plates 10 and 12 
and the optic axis of the birefringent plate BP to nrr/2 (n 
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is an integer), the shape of a characteristic curve giving 
a wavelength characteristic of transmittance of this 
tunable optical filter can be changed with a change in the 
Faraday rotation angle given by the variable Faraday 
rotator 8 along the wavelength axis . 

In the case that the Faraday rotation angle given 
by the Faraday rotator 8 is p, the phase difference between 
two orthogonal components of polarized light given by the 
variable phase shifter 6 becomes 20. The principle of this 
is apparent from the contents disclosed in Japanese Patent 
Laid-open Publication No. 6-130339 and from the known art, 
so the description thereof will be omitted herein. 

FIG. 23 shows a ninth preferred embodiment of the 
tunable optical filter according to the present invention. 
In contrast with the eighth preferred embodiment shown in 
FIG. 22 , the ninth preferred embodiment is characterized in 
that at least one filter unit is additionally provided 
between the first polarizer Pi and the second polarizer P2 . 
More specifically, N set (N is an integer greater than 1) 
of filter units 14 (#1 to #N) are provided. Of these 
filter units 14 (#1 to #N), the i-th (i is an integer 
satisfying 1 £ i N) filter unit 14 (#i) includes a 
polarizer PI (#i), a variable phase shifter 6 (#i), a 
birefringent plate BP (#i), and a Faraday rotator FR (#i) 
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corresponding to the first polarizer PI, the variable phase 
shifter 6, the birefringent plate BP, and the variable 
Faraday rotator FR, respectively. 

The wavelength characteristic of transmittance of 
this tunable optical filter as a whole is given as the sum 
of the wavelength characteristic of transmittance of the 
tunable optical filter shown in FIG. 22 and the wavelength 
characteristic of transmittance of each filter unit 14 (#1 
to #N). Accordingly, the wavelength characteristic of 
transmittance can be easily arbitrarily set. 

For example , in the case that three characteristic 
curves each giving a wavelength characteristic of 
transmittance are obtained in the tunable optical filter of 
FIG- 23 as shown in FIG. 24A, the total wavelength 
characteristic of transmittance is given as the sum of the 
three characteristic curves, so that a desired wavelength 
characteristic of transmittance can be obtained as shown in 
FIG. 24B. 

While each filter unit 14 (#i) having the variable 
phase shifter 6 (#i) for changing a characteristic curve 
along the wavelength axis and the birefringent plate BP 
(#i) and the Faraday rotator FR (#i) for changing a 
characteristic curve along the transmittance axis are 
utilized in this preferred embodiment, either the variable 



phase shifter 6 (#i) or the birefringent plate BP (#i) and 
the Faraday rotator FR (#i) may be omitted as required. 

Some specific embodiments of the Faraday rotator 
for giving a variable Faraday rotation angle will now be 
described. 

In general, when linearly polarized light, for 
example, passes through a magneto-optic crystal in the 
condition where a certain magnetic field is applied to the 
magneto-optic crystal, i.e., in the condition where the 
magneto-optic crystal is placed in a certain magnetic 
field, a polarization direction of the linearly polarized 
light (defined as a projection of a plane containing an 
electric field vector of the linearly polarized light onto 
a plane perpendicular to a propagation direction of the 
linearly polarized light) is rotated always in a fixed 
direction irrespective of the propagation direction. This 
phenomenon is called Faraday rotation, and the magnitude of 
an angle of rotation of the polarization direction (Faraday 
rotation angle) depends on a direction and strength of 
magnetization of the magneto-optic crystal generated by the 
applied magnetic field. More specifically, the Faraday 
rotation angle is determined by a size of a component of 
the strength of magnetization of the magneto-optic crystal 
in the light propagation direction. Accordingly, by 
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configuring a Faraday rotator with a magneto-optic crystal 
and means for applying a magnetic field to the magneto- 
optic crystal in the same direction as the light 
propagation direction , it appears that the Faraday rotation 
angle can be effectively adjusted by adjusting the applied 
magnetic field. 

However, it should be considered herein that when 
the magnitude of the applied magnetic field is relatively 
small, the strength of magnetization of the magneto-optic 
crystal by the applied magnetic field does not reach a 
saturated condition, but many magnetic domains are present 
iri the magneto-optic crystal. The presence of such many 
magnetic domains deteriorate reproducibility of the Faraday 
rotation angle, or makes it difficult to continuously vary 
the Faraday rotation angle even though good reproducibility 
is ensured. Furthermore, when many magnetic domains are 
present in the magneto-optic crystal, there occurs 
attenuation due to light scattering at an interface between 
any adjacent magnetic domains, causing a disadvantage in 
practical use. 

In a preferred embodiment of the present invention 
intended to solve this problem, the variable Faraday 
rotator includes a magneto-optic crystal located on an 
optical path, magnetic field applying means for applying 



first and second magnetic fields having different 
directions to the magneto-optic crystal so that the 
strength of a synthetic magnetic field of the first and 
second magnetic fields becomes larger than a predetermined 
value (e.g., a value corresponding to the strength of a 
magnetic field required to saturate the strength of 
magnetization of the magneto-optic crystal), and magnetic 
field adjusting means for changing at least one of the 
first and second magnetic fields . 

The condition where the strength of magnetization 
of the magneto-optic crystal has been saturated can be 
understood as a condition where the magnetic domains in the 
magneto-optic crystal has become a single magnetic domain. 

Preferably, the first and second magnetic fields 
are applied in orthogonal directions in a plane containing 
a propagation direction of light passing through the 
magneto-optic crystal. 

FIG. 25 shows a variable Faraday rotator 32 
applicable to the present invention. The variable Faraday 
rotator 32 is usable as the variable Faraday rotator FR or 
the variable Faraday rotator 8. The Faraday rotator 32 
includes a magneto-optic crystal 41, a permanent magnet 42 
and an electromagnet 43 for applying magnetic fields in 
orthogonal directions to the magneto-optic crystal 41, and 
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a variable current source 44 for giving a drive current to 
the electromagnet 43. 

By using a thin slice of YIG (Yttrium- Iron-Garnet ) 
or an epitaxially grown crystal of (GdBi) 3 (FeAlGa) 5 0 12/ as 
the magneto-optic crystal 41, for example, the drive 
current can be reduced. 

The thickness direction of the magneto-optic 
crystal 41 is parallel to the Y axis, for example. In this 
case, the directions of the magnetic fields applied to the 
magneto-optic crystal 41 by the permanent magnet 42 and the 
electromagnet 43 are parallel to the Z axis and the X axis 
respectively. Reference numeral 45 denotes a light beam 
passing through the magneto-optic crystal 41. 

FIG. 26 is a view for illustrating the direction 
and strength (magnitude) of the magnetic field applied to 
the magneto-optic crystal 41, and of the magnetization of 
the magneto-optic crystal 41 in the Faraday rotator 32 
shown in FIG. 25. 

In the case that a magnetic field vector 51 is 
applied to the magneto-optic crystal 41 by the permanent 
magnet 42 only, a magnetization vector in the magneto-optic 
crystal 41 is parallel to the Z axis as shown by reference 
numeral 52. In this case, the strength of the applied 
magnetic field (the length of the magnetic field vector 51) 
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is set so that the strength of the magnetization of the 
magneto-optic crystal 41 (the length of the magnetization 
vector 52) is saturated. It is assumed that a required 
maximum Faraday rotation angle is obtained in this 
condition* 

When a magnetic field vector 53 is applied parallel 
to the X axis by the electromagnet 43 , the synthetic 
magnetic field is given as a synthetic vector of the 
magnetic field vectors 51 and 53 as shown by reference 
numeral 54. This synthetic magnetic field 54 generates a 
magnetization vector 55 in the magneto-optic crystal 41. 
The magnetization vector 55 and the magnetic field vector 
54 are parallel to each other, and the length of the 
magnetization vector 55 is equal to the length of the 
magnetization vector 52- 

Although the strength of the magnetization of the 
magneto-optic crystal 41 is fixed, a degree of contribution 
of the magnetization of the magneto-optic crystal 41 to the 
Faraday rotation angle is not always the same, because the 
Faraday rotation angle depends also upon the relation 
between the direction of the magnetization and the light 
propagation direction. That is, in comparing to the 
condition of the magnetization vector 52 with the condition 
of the magnetization vector 55, a Z component 56 of the 
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magnetization vector 55 is smaller than a Z component (the 
magnetization vector 52 itself) of the magnetization vector 
52. Incidentally, the Faraday rotation angle corresponding 
to the magnetization vector 55 is smaller than that 
corresponding to the magnetization vector 52. 

According to this preferred embodiment, the 
strength of the magnetization of the magneto-optic crystal 
41 is always saturated over the whole variable range of the 
Faraday rotation angle, thereby eliminating the 
disadvantage caused by formation of many magnetic domains 
in the magneto-optic crystal 41. That is, reproducibility 
of the Faraday rotation angle can be improved, and the 
Faraday rotation angle can be continuously changed. 
Further, by adjusting the drive current supplied from the 
variable current source 44, the Faraday rotation angle can 
be changed continuously with good reproducibility. 
Accordingly, by applying the Faraday rotator 32 to the 
present invention, it is possible to provide a tunable 
optical filter which can be operated at high speeds and has 
high reliability. 

Accordingly, by applying such a variable Faraday 
rotator to the present invention, it is possible to provide 
a tunable optical filter whose wavelength characteristic of 
transmittance is well reproducible and continuously 
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variable. 

FIG, 2 7 shows another Faraday rotator 32* 
applicable to the present invention. The Faraday rotator 
32 1 is different from the Faraday rotator 32 shown in FIG. 
25 in the point that parallel plane surfaces 61 and 62 are 
formed at opposite edges of a rectangular magneto-optic 
crystal 41 and that a light beam 63 is passed through the 
plane surfaces 61 and 62. Accordingly, both the direction 
of a magnetic field by the permanent magnet 42 and the 
direction of a magnetic field by the electromagnet 43 are 
inclined about 4 5° to a light propagation direction 
(parallel to the Z axis). 

FIG. 28 is a view for illustrating the direction 
and strength of the magnetic field applied to the magneto- 
optic crystal 41 and of the magnetization of the magneto- 
optic crystal 41 in the Faraday rotator 32 1 shown in FIG. 
27. The magnetic field applied by the electromagnet 43 is 
adjustable in strength and direction in the range between a 
condition shown by reference numeral 71 and a condition 
shown by reference numeral 72. Reference numeral 73 
denotes a magnetic field applied by the permanent magnet 
42. In this case, the synthetic magnetic field changes in 
strength and direction in the range between a condition 
shown by reference numeral 74 and a condition shown by 



reference numeral 75. In association therewith, the 
magnetization of the magneto-optic crystal 41 changes in 
strength and direction in the range between a condition 
shown by reference numeral 76 and a condition shown by 
reference numeral 77. By using the Faraday rotator 32 * , 
the variable range of the Faraday rotation angle can be 
increased without much increasing the variable range for 
the drive current of the electromagnet 43. 

The applied magnetic field by the permanent magnet 
42 is set so that the strength of the magnetization of the 
magneto-optic crystal 41 is sufficiently saturated in a 
condition shown by reference numeral 78 where the strength 
of the magnetization is minimized (the applied magnetic 
field by the electromagnet 43 is zero). 

FIG. 29 shows still another variable Faraday 
rotator 32" applicable to the present invention. The 
Faraday rotator 32" is different from the Faraday rotator 
32 shown in FIG. 25 in the point that an electromagnet 81 
is provided in place of the permanent magnet 42 shown in 
FIG. 25 and that a variable current source 82 is 
additionally provided to apply a drive current to the 
electromagnet 81. 

FIG. 30 is a view for illustrating the direction 
and strength of the magnetic field applied to the magneto- 
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optic crystal 41 and of the magnetization of the magneto- 
optic crystal 41 in the Faraday rotator 32" shown in FIG. 
29. According to the preferred embodiment shown in FIG. 
29 , the synthetic magnetic field can be changed 
continuously as maintaining saturation magnetization as 
shown by reference numerals 91 to 94 by adjusting the 
applied magnetic fields by the electromagnets 43 and 81. 
In association therewith , the magnetization of the magneto- 
optic crystal 41 changes continuously as shown by reference 
numerals 95 to 98. According to the preferred embodiment 
shown in FIG. 30, the variable range of the Faraday 
rotation angle can be easily increased without using a 
complex-shaped magneto-optic crystal as shown in FIG. 27. 

In the case of using the Faraday rotator 32", the 
sense of a Z component of the magnetization of the magneto- 
optic crystal 41 can be changed by changing the polarity of 
the variable current source 44 or 82. Accordingly , the 
direction of Faraday rotation can be changed as required. 
For example, the Faraday rotation angle can be changed in 
the range of ±45n° (n is a positive integer) with respect 
to 0°. Accordingly, by applying the Faraday rotator 32" to 
the present invention and setting the angle 5 to 6 = <f> or 8 
= 0 as mentioned previously, for example, the 
transmittance can be maintained constant irrespective of 
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wavelength when the Faraday rotation angle is 0°. For 
example, when the Faraday rotator 32" is incorporated into 
a system and control becomes off to shut off the variable 
current sources 44 and 82, the Faraday rotation angle 
becomes 0°. Accordingly, the transmittance becomes 
constant irrespective of wavelength, thereby facilitating 
restart of the system. 

FIG. 31 shows a tenth preferred embodiment of the 
tunable optical filter according to the present invention. 
In this preferred embodiment, wedge plates 121 and 122 each 
formed of a birefringent material are used as the first 
polarizer PI and the second polarizer P2 respectively. In 
association therewith , this preferred embodiment further 
includes an optical fiber 12 3, a lens 124 for changing a 
beam parameter of light emerging from the optical fiber 123 
(e.g., collimating the emerging light) to supply the light 
beam to the wedge plate 121, a lens 125 for converging a 
light beam from the wedge plate 122, and an optical fiber 
126 to which the light beam converged by the lens 125 is 
coupled under given conditions . 

The wedge plates 121 and 122 are arranged so that a 
top portion and a bottom portion of the wedge plate 121 are 
opposed to a bottom portion and a top portion of the wedge 
plate 122 respectively, and corresponding surfaces of the 



wedge plates 121 and 122 are parallel to each other. That 
is, the wedge plates 121 and 122 have the same shape. 

For example, the optic axis of the wedge plate 121 
is parallel to the Y axis, and the optic axis of the wedge 
plate 122 is parallel to the Y axis. 

The transmittance axis of each of the wedge plates 
121 and 122 as polarizers is defined as a polarization 
direction of an extraordinary ray whose polarization plane 
is parallel to the optic axis, or a polarization direction 
of an ordinary ray whose polarization plane is 
perpendicular to the optic axis. 

Light emerging from an excitation end of the 
optical fiber 123 is collimated by the lens 124 to become a 
parallel light beam. This beam is denoted by reference 
numeral 130 with its beam thickness neglected. The beam 
130 is separated into a beam 131 corresponding to the 
ordinary ray and a beam 132 corresponding to the 
extraordinary ray in the wedge plate 121. 

The beams 131 and 132 are transmitted through the 
birefringent plate BP and the variable Faraday rotator FR 
in this order to become beams 133 and 134 respectively. 
The polarization states of the beams 133 and 134 are 
determined by the Faraday rotation angle given by the 
Faraday rotator FR. 
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The beam 133 is separated into beams 135 and 136 
respectively, corresponding to the ordinary ray and the 
extraordinary ray in the wedge plate 122. The beam 134 is 
separated into beams 137 and 138 respect ivel 
y, corresponding to the extraordinary ray and the ordinary 
ray in the wedge plate 122. 

In considering the history of refractions in the 
past of the beams 135 to 138 and the shape and arrangement 
of the wedge plates 121 and 122, the beams 135 and 137 are 
parallel to each other and the beams 136 and 138 are not 
parallel to each other. Accordingly, only the beams 135 
and 137 can be focused through the lens 125 to be coupled 
to an excitation end of the optical fiber 126. 

The ratio of the total power of the beams 135 and 
137 and the total power of the beams 136 and 138 depends on 
the Faraday rotation angle given by the Faraday rotator FR. 
For example, in the case that the beams 133 and 134 are 
linearly polarized light having the same polarization 
planes as those of the beams 131 and 132 respectively, the 
beams 133 and 134 are entirely converted into the beams 135 
and 137 respectively. In the case that the beams 133 and 
134 are linearly polarized light having polarization planes 
orthogonal to the polarization planes of the beams 131 and 
132 respectively, the beams 133 and 134 are entirely 
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converted into the beams 136 and 138 respectively. 

When the Faraday rotation angle given by the 
Faraday rotator FR is constant, the total power of the 
beams 135 and 137 is not dependent upon the polarization 
state of the beam 130. As apparent from the previous 
description, the total power of the beams 135 and 137 
depends on their wavelengths. 

According to this preferred embodiment, the 
transmittance of the tunable optical filter can therefore 
be made independent of the polarization state of input 
light. That is, it is possible to provide a polarization- 
independent tunable optical filter. 

FIG. 32 shows an eleventh preferred embodiment of 
the tunable optical filter according to the present 
invention. In this preferred embodiment, a wedge plate 141 
formed of a birefringent material is used as the first 
polarizer PI, and two wedge plates 142 and 143 each formed 
of a birefringent material are used as the second polarizer 
P2. A top portion and a bottom portion of the wedge plate 
141 are opposed to a bottom portion and a top portion of 
the wedge plate 142 respectively. A top portion and a 
bottom portion of the wedge plate 143 are opposed to the 
bottom portion and the top portion of the wedge plate 142 
respectively. 
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By letting 01, 0 2, and 0 3 denote the wedge angles 
of the wedge plates 141, 142, and 143; dl denote the 
distance between the wedge plates 141 and 142, and d2 
denote the distance between the wedge plates 142 and 143, 
each wedge plate is formed and arranged in order to satisfy 
the following two equation. 

02=01+0 3, dlsin01 = d2sin0 3 
The optic axis of the wedge plate 141 is parallel 
to the Y axis, and the optic axes of the wedge plates 142 
and 143 are parallel to each other. The optic axes of the 
wedge plates 142 and 143 are parallel to the Y axis, for 
example . 

In the preferred embodiment shown in FIG. 31, the 
distance between the wedge plates 121 and 122 is 
necessarily relatively large, because the birefringent 
plate BP and the Faraday rotator FR are provided between 
the wedge plates 121 and 122. Accordingly, the distance 
between the beams 135 and 137 becomes relatively large, so 
that the beams 135 and 137 are readily affectedly the 
aberration of the lens 125 such as spherical aberration. 

According to the preferred embodiment shown in FIG. 
32, a beam from the lens 124 is separated by the wedge 
plate 141 and next being combined by the wedge plates 142 
and 143. At this time, the optical paths of an ordinary 
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ray component and an extraordinary ray component output 
from the wedge plate 14 3 are made substantially coincident 
with each other. Consequently, these components can be 
efficiently input into the optical fiber 126 by the lens 
125 with almost no influence of its aberration. 

FIG. 33 shows a twelfth preferred embodiment of the 
tunable optical filter according to the present invention. 
In this preferred embodiment , two parallel-plane plates 151 
and 152 each formed of a birefringent material are used as 
the first polarizer PI and the second polarizer P2 
respectively. The parallel-plane plates 151 and 152 have 
the same thickness. The optic axes of the parallel-plane 
plates 151 and 152 are set so that they are orthogonal to 
each other and each optic axis is inclined 4 5° to the Z 
axis . 

The transmission axis of each of the parallel-plane 
plates 151 and 152 as polarizers is defined as a 
polarization direction of an extraordinary ray whose 
polarization plane is parallel to the optic axis or a 
polarization direction of an ordinary ray whose 
polarization plane is perpendicular to the optic axis . 

Light emerging from the excitation end of the 
optical fiber 123 is changed in its beam parameter by the 
lens 124 to become a converging beam 160 , for example. The 
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beam 160 is separated into beams 161 and 162 respectively, 
corresponding to the ordinary ray and the extraordinary ray 
in the parallel-plane plate 151. The beams 161 and 162 are 
parallel to each other. The beams 161 and 162 are 
transmitted through the birefringent plate BP and the 
Faraday rotator FR in this order to become beams 163 and 
164 respectively. The polarization states of the beams 163 
and 164 are determined according to the Faraday rotation 
angle given by the Faraday rotator FR. The beam 163 is 
separated into beams 165 and 166 respectively, 
corresponding to the ordinary ray and the extraordinary ray 
in the parallel-plane plate 152. The beam 164 is separated 
into beams 167 and 168 respectively , corresponding to the 
ordinary ray and the extraordinary ray in the parallel- 
plane plate 152. 

The beam 165 comes into coincidence with the beam 
168 because the parallel-plane plates 151 and 152 are 
parallel to each other and have the same thickness along 
the Z axis. Accordingly, only the beams 165 and 168 can be 
converged by the lens 125 to enter the optical fiber 126. 
The ratio between the total power of the beams 165 and 168 
and the total power of the beams 166 and 167 depends on the 
Faraday rotation angle given by the Faraday rotator FR. 

When the Faraday rotation angle given by the 
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Faraday rotator FR is constant, the total power of the 
beams 165 and. 168 is not dependent upon the polarization 
state of the beam 160. As apparent from the previous 
description, the total power of the beams 165 and 168 
depends on their wavelengths. 

Also according to this preferred embodiment, it is 
possible to provide a polarization-independent tunable 
optical filter. 

In the case of using a parallel-plane plate formed 
of a birefringent material as each polarizer, various 
arrangements may be adopted by additionally providing a 
half -wave plate. 

FIGS. 34A and 34B illustrate a thirteenth preferred 
embodiment of the tunable optical filter according to the 
present invention. FIG. 34A corresponds to the tenth 
preferred embodiment shown in FIG. 31, and FIG- 34B shows 
the thirteenth preferred embodiment. 

In the configuration shown in FIG. 34A, each of the 
wedge plates 121 and 122 has a polarization separation 
angle or wedge angle 0 • . The beams 135 and 137 are 
coupled to the optical fiber 126 by the lens 125, but the 
beams 136 and 138 are not coupled to the optical fiber 126. 

In the thirteenth preferred embodiment shown in 
FIG. 34B, wedge plates 121' and 122 1 each having a wedge 
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angle 6" smaller than the wedge angle Q 1 are used. Beams 
135 1 to 138' are output from the wedge plate 122'. The 
beams 135 1 and 137' are entirely coupled to the optical 
fiber 126 by the lens 125 in principle* Because the wedge 
angle 0 " is smaller than the wedge angle 0 1 , the beams 
136' and 138 1 originally unexpected to be coupled to the 
optical fiber 126 may be partially coupled to the optical 
fiber 126. If such partial coupling of the beams 136' and 
138* occurs, it is possible to obtain an effect similar to 
that obtained by using a partial polarizer as the second 
polarizer P2. 

The condition for partially coupling the beams 136' 
and 138 1 to the optical fiber 126 is given by a > fsin0 " 
where a is the core diameter of the optical fiber 126 and f 
is the focal length of the lens 125. By satisfying this 
condition, the average loss of the tunable optical filter 
can be reduced as in the case of using a partial polarizer 
as the second polarizer P2. 

Having thus described various preferred embodiments 
of the present invention, two or more of the above 
preferred embodiments may be combined to carry out the 
present invention. 

As described above, according to the present 
invention, it is possible to provide a tunable optical 
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filter in which the shape of a characteristic curve giving 
a wavelength characteristic of transmittance changes along 
the transmittance axis. The other effects by the present 
invention become apparent from the above description. 

The present invention is not limited to the details 
of the above described preferred embodiments. The scope of 
the invention is defined by the appended claims and all 
changes and modifications as fall within the equivalence of 
the scope of the claims are therefore to be embraced by the 
invention. 
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WHAT IS CLAIMED IS: 

1. A tunable optical filter comprising: 
first and second polarizers each having a 

transmission axis determining a polarization axis of 
transmitted polarized light; 

a birefringent element provided between said first 
and second polarizers and having an optic axis determining 
a phase difference given between two orthogonal components 
of transmitted polarized light; and 

a Faraday rotator provided between said first and 
second polarizers for giving a variable Faraday rotation 
angle to transmitted polarized light. 

2. A tunable optical filter according to Claim 1, 

wherein : 

the order of arrangement of said birefringent 
element and said Faraday rotator and the relative 
positional relation between said optic axis of said 
birefringent element and said transmission axis of each of 
said first and second polarizers being set so that the 
shape of a characteristic curve giving a wavelength 
characteristic of transmittance changes along a transmittance 
axis according to a change in said Faraday rotation angle. 

3. A tunable optical filter according to Claim 2, 
wherein: 
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input light is supplied to said first polarizer; 

said input light having a predetermined band; 

said predetermined band being narrower than 1/2 of 
a spectral width giving a period of said characteristic curve 

V A tunable optical filter according to Claim 1, 

whereixi : 

input light is supplied to said first polarizer; 

and 

said second polarizer includes a partial polarizer. 

5. A tunable optical filter according to Claim 1, 

wherein: 

said Faraday rotator is provided between said 
birefringent element and said second polarizer; 

input light is transmitted through said first 
polarizer, said birefringent element, said Faraday rotator, 
and said second polarizer in this order; and 

an angle § formed between the transmission axis of 
said first polarizer and the optic axis of said 
birefringent element satisfies <}> * nn/2 (n is an integer). 

6. A tunable optical filter according to Claim 5, 
wherein said angle <(> is equal to n/A . 

7. A tunable optical filter according to Claim 6, 
wherein the transmission axes of said first and second 
polarizers are parallel to each other. 
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8. A tunable optical filter according to Claim 6, 
wherein the transmission axis of said second polarizer is 
parallel to the optic axis of said birefringent element. 

9. A tunable optical filter according to Claim 5, 
wherein said angle <|> is different from nY4. 

10. A tunable optical filter according to Claim 5, 
further comprising a quarter-wave plate provided between 
said first polarizer and said birefringent element. 

11. A tunable optical filter according to Claim 1, 

wherein: 

said Faraday rotator is provided between said first 
polarizer and said birefringent element; 

input light is transmitted through said first 
polarizer, said Faraday rotator, said birefringent element, 
and said second polarizer in this order; and 

an angle 6 formed between the optic axis of said 
birefringent element and the transmission axis of said 
second polarizer satisfies 6 * nn/2 (n is an integer). 

12 . A tunable optical filter according to Claim 

11, wherein said 6 is equal to rr/4. 

13. A tunable optical filter according to Claim 

12, wherein the transmission axes of said first and second 
polarizers are parallel to each other. 

14. a tunable optical filter according to Claim 
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12, wherein the transmission axis of said second polarizer 
is parallel to the optic axis of said birefringent element . 

15. A tunable optical filter according to Claim 
11 , wherein said angle 9 is different from tt/4. 

16. A tunable optical filter according to Claim 
11/ further comprising a quarter-wave plate provided 
between said birefringent element and said second 
polarizer. 

17. A tunable optical filter according to Claim 1, 

wherein : 

said Faraday rotator includes first and second 
Faraday rotators; 

said birefringent element is provided between said 
first and second Faraday rotators; and 

input light is transmitted through said first 
polarizer, said first Faraday rotator, said birefringent 
element, said second Faraday rotator, and said second 
polarizer^ in this order. 

\ 18>, A tunable optical filter according to Claim 

17, further comprising means for controlling said first and 
second Faraday rotators so that a Faraday rotation angle by 
said first Faraday rotator becomes substantially equal to a 
Faraday rotation angle by said second Faraday rotator. 
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wherein : 

said birefringent element includes first and second 
birefringent elements; 

said Faraday rotator is provided between said first 
and second birefringent elements; and 

input light is transmitted through said first 
polarizer , said first birefringent element, said Faraday 
rotator , said second birefringent element , and said second 
polarizer in this order. 



19, wherein said first and second birefringent elements 
have optic axes parallel to each other. 



further comprising a variable phase shifter provided 
between said first and second polarizers; 

wherein input light is supplied to said first 
polarizer. 

22. A tunable optical filter according to Claim 
21 , wherein said variable phase shifter includes first and 
second quarter-wave plates and another Faraday rotator 
provided between said first and second quarter-wave plates 
for giving a variable Faraday rotation angle. 

23. A tunable optical filter according to Claim 1, 
wherein said Faraday rotator includes a magneto-optic 




A tunable optical filter according to Claim 



21. 



A tunable optical filter according to Claim 1, 
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crystal located on an optical path, magnetic field applying 
means for applying first and second magnetic fields having 
different directions to said magneto-optic crystal so that 
the strength of a synthetic magnetic field of said first 
and second magnetic fields becomes larger than a 
predetermined value, and magnetic field adjusting means for 
changing the strength of at least one of said first and 
second magnetic fields. 

! 24. ' A tunable optical filter according to Claim 
23, wherein said first and second magnetic fields are 
applied in orthogonal directions in a plane containing a 
propagation direction of light passing through said 
magneto-optic crystal - 

25. A tunable optical filter according to Claim 
23, wherein: 

said magnetic field applying means includes an 
electromagnet and a permanent magnet for applying said 
first and second magnetic fields respectively; and 

said magnetic field adjusting means adjusts a drive 
current of said electromagnet. 

^t? c 26. A tunable optical filter according to Claim 
23, wherein: 

said magnetic field applying means includes first 
and second electromagnets for applying said first and 
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second magnetic fields respectively; and 

said magnetic field adjusting means adjusts a drive 
current of at least one of said first and second 
electromagnets . 

27. A tunable optical filter according to Claim 
23, wherein said predetermined value is a value 
corresponding to a magnetic field strength required to 
saturate magnetization of said magneto-optic crystal. 

28. A tunable optical filter according to Claim 1, 

wherein: 

said first and second polarizers comprise first and 
second wedge plates each formed of a birefringent material, 
respectively; 

said first and second wedge plates being arranged 
so that a top portion and a bottom portion of said first 
wedge plate are opposed to a bottom portion and a top 
portion of said second wedge plate respectively, and that 
corresponding surfaces of said first and second wedge 
plates are parallel to each other; 

said tunable optical filter further comprising: 

a first optical fiber; 

a first lens for supplying light from said first 
optical fiber to said first wedge plate; 

a second lens for converging a light beam from said 

65 



second wedge plate; and 

a second optical fiber to which said light beam 
converged by said second lens is coupled under given 
conditions. ' 

/ 29. / A tunable optical filter according to Claim 
28, wherein a condition of fsin0" < a is satisfied where 
0 " is the polarization separation angle of each of said 
first and second wedge plates, a is the core diameter of 
said second optical fiber, and f is the focal length of 
said second lens A 

30. V A tunable optical filter according to Claim 1, 
wherein^t---' 

said first polarizer includes a first wedge plate 
formed of a birefringent material; and 

said second polarizer includes second and third 
wedge plates each formed of a birefringent material; 

said first, second, and third wedge plates being 
arranged so that a top portion and a bottom portion of said 
first wedge plate are opposed to a bottom portion and a top 
portion of said second wedge plate respectively, and the 
top portion and the bottom portion of said second wedge 
plate are opposed to a bottom portion and a top portion of 
said third wedge plate respectively; 

said tunable optical filter further comprising: 

66 



a first optical fiber; 

a first lens for supplying light from said first 
optical fiber to said first wedge plate; 

a second lens for converging a light beam from said 
third wedge plate; and 

a second optical fiber to which said light beam 
converged by said second lens is coupled under given 
conditions . 

31. A tunable optical filter according to Claim 1, 

wherein : 

said first and second polarizers comprise first and 
second parallel-plane plates each formed of a birefringent 
material respectively; 

said tunable optical filter further comprising: 

a first optical fiber; 

a first lens for supplying light from said first 
optical fiber to said first parallel-plane plate; 

a second lens for converging a light beam from said 
second parallel-plane plate; and 

a second optical fiber to which said light beam 
converged by said second lens is coupled under given 



32. A/tunable optical filter accordxng to Claim 1, 
further coiriprising at least one filter unit provided 
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between said first and second polarizers; 

said filter unit comprising elements respectively 
corresponding to said first polarizer, said birefringent 
element ,^and said Faraday rotator. 

r 33^/ A tunable optical filter according to Claim 
32, further comprising a variable phase shifter provided 
between said first and second polarizers; 

said filter unit further comprising an element 
corresponding to said variable phase shifter. 
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ABSTRACT OF THE DISCLOSURE 



The present invention relates to a tunable optical 
filter having a variable wavelength characteristic of 
transmittance. The tunable optical filter includes first 
and second polarizers each having a transmission axis 
determining a polarization axis of transmitted polarized 
light, a birefringent element having an optic axis 
determining a phase difference given between two orthogonal 
components of transmitted polarized light, and a Faraday 
rotator for giving a variable Faraday rotation angle to 
transmitted polarized light. The birefringent element and 
the Faraday rotator are provided between the first and 
second polarizers . The order of arrangement of the 
birefringent element and the Faraday rotator, and the 
relative positional relation between the optic axis of the 
birefringent element and the transmission axis of each 
polarizer are set so that the shape of a characteristic 
curve giving a wavelength characteristic of transmittance 
changes along a transmittance axis according to a change in 
the Faraday rotation angle • 
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